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A number of new Phytophthora species to Western Australia, have been isolated 
from dying native species in southwest Western Australia (SWWA). However, 
little is known about their host range or whether the pathogenic species can be 
controlled by phosphite. The effect of phosphite on 23 Phytophthora species was 
investigated in vitro. On solid medium, EC50 values were 5 to >160 µg/ml 
phosphite, whilst in liquid medium buffered using 0.03 M MES (2-(N-morpholino) 
ethanesulfonic acid), EC50 values ranged from 30 to >900 µg/ml. Nineteen of 23 
species displayed a much higher level of tolerance in buffered liquid medium to 
phosphite than in solid, or unbuffered liquid medium. Assessment of phosphite 
tolerance was more accurate using liquid, rather than solid medium. Casuarina 
obesa, Banksia littoralis, B. occidentalis, B. grandis, Lambetia inermis, Corymbia 
calophylla, and Eucalyptus marginata were screened in the glasshouse as 
possible susceptible hosts by inoculating soil with 22 Phytophthora species and 
assessing plant growth after 6 weeks. P. niederhauserii had a wide host range 
similar to P. cinnamomi. Other species that killed one or more hosts were P. 
elongata, P. boodjera, P. moyootj, P. constricta and P. rosacearum. No 
Phytophthora species tested killed C. calophylla. To test the effectiveness of 
phosphite as a control agent, Eucalyptus marginata, B. occidentalis, B. littoralis 
and L. inermis were sprayed with 0.5% phosphite seven days before soil 
inoculation with ten Phytophthora species. No phosphite-treated plants died, but 
in unprotected controls P. cinnamomi and P. neiderhauserii killed at least one 
host plant of all species, while plants of E.  marginata were also killed by P. 
iv 
constricta, P. boodjera, P. elongata, and P. multivora. For P. constricta, P. 
boodjera, P. multivora, P. rosacearum and P. arenaria, for one or more host 
species, the reduction of shoot or root growth caused by the pathogen was not 
eliminated by spraying plants with phosphite. There was no relationship between 
phosphite tolerance in vitro (as determined by EC50) and the response to 
phosphite in planta: for example, P. gibbosa was highly tolerant in vitro but 
controlled by phosphite in planta. In L. inermis subsp. inermis all species of 
Phytophthora reduced root mass even in plants sprayed with phosphite. 
Phosphite prevented lesion development in E. marginata and B. occidentalis after 
underbark inoculation of with Phytophthora cinnamomi and P. niederhauserii. 
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The genus Phytophthora is closely related to the genus Pythium and both genera are 
classified in the family Pythiaceae. They are water molds, and as the name implies, 
ecologically favoured by free water in soil. Pythium and Phytophthora are pathogens of 
plants, and in addition some species of Pythium are parasitic on some Phytophthora 
species (Erwin and Ribeiro 1996). Sexual reproduction through production of antheridia 
and ospores under suitable environmental conditions provides the most important 
morphological feature of the oomycetes (Erwin and Ribeiro 1996). Some Phytophthora 
species are homothallic (self-fertile), and others are heterothallic (self-sterile). Oospores 
form in heterothallic species when  A1 and A2 mating types grow together. Oospores may 
also form in  homothallic species and function as persistent propagules in diseased plant 
material (Slusher and Sinclair 1973; Stack and Millar 1985). The role of oospores in the 
field in heterothallic types is not clear, but when  the A1 and A2 mating type isolates cross, 
they  can be a source of new races or biotypes (Erwin and Ribeiro 1996). Both 
Phytophthora and Pythium are amongst the worst plant pathogens causing diseases in a 
wide range of agricultural, ornamental, forest, woodland and heathland species. 
Phytophthora diseases cause leaf or root disease which can increase from undetectable 
to high levels of infection within a few days or weeks. Fast production of sporangia and 
zoospores from infected plant tissues can occur when environmental conditions are 
suitable and increase the inoculum of Phytophthora. The most important requirement is 
the presence of free water  (Erwin and Ribeiro 1996). Most Phytophthora species attack 
only healthy, intact plant tissue or newly made wounds and do not invade plant tissue that 




secondary invaders.  Phytophthora can infect the roots of woody trees months to years 
before foliage symptoms are detected. Trees may lose  50% of their lateral roots  without 
loss of top growth (Erwin and Ribeiro 1996).  
Phytophthora infestans the causal agent of potato late blight has been a problem since 
the 1840’s. Once the genus name Phytophthora became accepted widely, scientists 
quickly started describing new species. The first was P. cactorum in 1870, followed by P. 
phaseoli in 1889, P. nicotianae in 1896, and P. colocasiae in 1900 (Ribeiro 2013). Apart 
from P. cinnamomi (see below), other species that are currently causing widespread 
devastation in ornamental and forest species are P. ramorum, P. kernoviae and P. alni 
(Brasier et al. 2005; Balci et al. 2007; Brown and Brasier 2007; Brasier 2008). Disease 
may also result from several Phytophthora species occurring together, for example, P. 
cinnamomi P. cambivora, P. cryptogea, P. citricola or P. cactorum (Brasier et al. 2004).  
Phytophthora cinnamomi 
P. cinnamomi is a devasting pathogen that has been extensively studied. Aspects of its 
distribution, biology, physiology and impact in Western Australia have been reviewed 
recently by O’Brien and Hardy (2014). It will be described briefly here as it is used in this 






Discovery, origin and distribution 
The first isolate of P. cinnamomi was from cinnamon trees in Sumatra in 1922. The center 
of origin of the pathogen is believed to have been in Papua New Guinea (Shaw et al. 
1972).  Supporting this hypothesis is the occurrence of both A1and A2 mating types of 
Phytophthora cinnamomi in Papua New Guinea, (Zentmyer 1980, Old et al. 1984; 
Dobrowolski et al.2003; Martin and Coffey 2012). It is widely distributed, largely though 
transfer of infected soil with horticultural and agricultural species and woody ornamentals 
(Zentmyer 1980). Arentz and Simpson (1986) reported that the A1 mating type is ancient 
and has a widespread distribution in healthy forests in remote areas of Papua New 
Guinea while the A2 mating type is usually associated with exotic plants in areas under 
cultivation and may have evolved more recently (Arentz 2017). 
Occurrence in Australia 
Phytophthora cinnamomi was identified in Australia in 1930, and first determined in 
Western Australia as the pathogen causing disease in the jarrah forest in 1965 (Podger 
et al. 1965; Podger 1968; Marks and Smith 1991). Subequent isolations were from dying 
native plants in coastal forests of New South Wales, and from the diseased forests in 
East Gippsland and the Brisbane Ranges (Weste and Marks 1987). It is now known that 
the pathogen is found throughout much of Australia  occuring in each state and territory 
from forest, woodlands and heathlands (Burgess et al. 2017b). A regional impact 
summary for all States and territories showed the pathogen to be the cause of serious 
disease in numerous plant species, a significant number of which are rare and threatened. 




iconic genera Banksia, Epacris and Xanthorrhoea (Cahill et al. 2008). It is of concern in 
forests from Mediterranean regions to the subtropics (Weste and Marks 1987; Cahill et 
al. 2008) and it has recently been isolated from regions in Tasmania previously 
considered too cold for its survival (Burgess et al. 2017a). 
Host range  
Phytophthora cinnamomi has an extensive host range. Zentmeyer (1983) suggested that 
over 1000 species may be affected, but this is an under-estimate. P. cinnamomi is known 
to infect some 5000 species throughout the world from its centre of origin in South-east 
Asia, including 4000 Australian native species and species important for agriculture and 
forestry (Jung et al. 2013; Hardham and Blackman 2018). In the southwest of Western 
Australia (SWWA) alone, of the 5710 species in the Southwest Botanical Province, 2284 
are susceptible and of these 800 are highly susceptible (Shearer et al. 2004a). P. 
cinnamomi has caused most substantial crop loss  in avocado (Persea americana ) and 
also attacks Ananas comosus, Castanea dentata, C. sativa, Cinchona species, 
Vaccinium macrocarpon and Prunus species. Amongst forest tree species that are 
attacked are Chamaecyparis lawsoniana, Cinnamomum spp. Ericaceae (including 
Rhododendron spp.), Eucalyptus spp., Fagus spp., Juglans spp., Pinus spp. and Quercus 
spp. (Brasier et al. 2004). This wide host range has resulted in significant devastation of 
native plant communities across the southern part of the Australia as well as in Europe, 
South Africa, Mexico, Hawaii and the mainland USA (Cahill et al. 2008). Although P. 
cinnamomi has been considered mainly a pathogen of woody species, it has recently 
been shown that herbaceous perennials and annuals are significant hosts particularly as 





Variation in susceptibility to P. cinnamomi is observed within plant families, genera and 
species. Shearer et al. (2013) working on Western Australian species and using soil 
inoculation in the glasshouse found that most of the taxa in the Fabaceae, Malvaceae, 
Myrtaceae and Poaceae were resistant to P. cinnamomi. A few taxa in Fabaceae and 
Myrtaceae (18 and 10 %, respectively) were susceptible to the pathogen. Casuarinaceae 
were mainly resistant, but showed a range of responses to P. cinnamomi. Ericaceae were 
mainly susceptible while Proteaceae showed a broad range of responses from resistant 
to susceptible (Shearer et al. 2013). Tree and shrub species of the jarrah (Eucalyptus 
marginata) forest in the south west of Western Australia have been heavily impacted by 
P. cinnamomi particularly on sites that become waterlogged in winter (Davison 2015). 
Many species in the flora of the northern and southern sand plains, and the Stirling 
Ranges National Park in SWWA are also killed by this pathogen (Wills 1993; Shearer et 
al. 2004a). 
In Western Australia and elsewhere P. cinnamomi is a significant threat to conservation 
of biodiversity (Hardham 2005) and it is thought  that if, as predicted,  global warming and 
climate change result in more summer thunderstorms and an increase in severly of 
summer droughts,  P. cinnamomi disease problems will increase in agriculture,  forestry 
and other natural ecosystems (Burgess et al. 2017a; Malcolm et al. 2006). 
The host range of a pathogen can initially be deduced from its isolation from dead or dying 
plants in the field, but such isolation does not unequivocally show that the pathogen is the 




controlled aseptic conditions are required for most accurate information about pathogen 
hosts. Conditions for trials in the glasshouse must match as closely as possible those 
favourable in the field for infection. Thus pot trials may include periods of waterlogging to 
enhance zoospore dispersal and temperatures should be 20-30°C. Although zoospores 
can be released at lower temperatures, the number of sporangia increase rapidly between 
16°C to 30°C (Shearer 2014) optimal temperatures being between 26°C to 30°C. 
Infection process and disease expression 
Phytophthora cinnamomi is a soil borne pathogen that kills plants by rotting the root 
system and lower stem tissues which restricts the plant’s ability to uptake water and 
nutrients (Brasier et al. 2004; Shearer et al. 2004a). In the event of favourable conditions 
of moisture and temperature P. cinnamomi rapidly sporulates and produces large 
numbers of asexual, biflagellate zoospores (Hardham 2005). The motile zoospores are 
attracted to suitable infection sites, mainly on roots, where they attach and invade the 
plant. Hyphae ramify throughout the tissues of susceptible plants, forming sporangia on 
the plant surface and rapidly amplifying the disease inoculum (Hardham 2005). P. 
cinnamomi mainly rots fine feeder roots leading to death of host plants. Larger roots are 
only intermittently attacked. The rot may extend into the base of the stem with brown 
lesions forming in the wood. Symptoms include shedding of the bark, and stem cankers. 
Other symptoms include decrease in yield, reduced fruit size, gum exudation, and heart 
rot. Infected plants may die suddenly but in other cases can survive for several years, 





Reproduction and survival 
Phytophthora cinnamomi exists as vegetative mycelium within plant tissue. Traditionally 
it has been considered a necrotroph consuming the products of killed host cells, but it has 
been recently been shown to also grow as a hemibiotroph (Crone et al. 2013a). It may 
also grow saphrophytically, but in the soil it is poorly competitive against other 
saprophytes. Its life cycle is complex and includes different modes of reproduction. As 
mentioned above the mycelium produces asexual sporangia that produce many motile 
zoospores in warm and moist conditions, and it also produces chlamydospores which 
germinate to produce mycelium, or sporangia and then zoospores (Hardham et al. 1994; 
Cahill et al. 2008). The production of oospores appears rare. Oospores are mainly 
observed when both mating types (A1and A2) are present (Galindo and Zentmyer 1964; 
Reeves and Jackson 1972, Zentmyer 1980). In Australia A1 and A2 mating types are 
seldom found in same locality, but selfed oospores form on some isolates (Irwin et al. 
1995; Barrett 2001). In Western Australia, the A1 mating type is rare (Old et al. 1988), 
although (Dobrowolski et al. 2003) did confirm the presence of three clonal lineages of P. 
cinnamomi (one of A1 and two of A2). Old et al. (1984) and Dobrowolski et al. (2003) also 
showed that mating does not take place in WA even when both mating types co-exist in 
the same rhizosphere. In Australia, oospores are considered the most resistant structures 
for survival of P. cinnamomi, but their contribution to survival is limited due to the rarity of 
the A1mating type ( Zentmyer 1980). But Crone et al. (2013b) found that selfed oospores 
are commonly formed in non host species. Chlamydospores are considered an important 




chlamydospores not in plant material that would buffer them from some of the more 
extreme soil conditions (McCarren 2006). 
Control of dieback disease  
Phosphite, the anionic form of phosphonic acid (H3PO3), controls many plant diseases 
caused by Phytophthora. Phosphite refers to salts of phosphonic acid. This differentiates 
it from another group of compounds, the ‘phosphonates’ which contain an organic group 
attached to a phosphorous ion found in certain pesticides and herbicides (Guest and 
Grant 1991). Phosphite also referred to as ‘phosphonate’ contains a P-H bond and is 
found in phosphonic acid or fosetyl-Al (Hardy et al. 2001a). Phosphite is a systemic 
fungicide which is translocated in both the xylem and phloem (Ouimette and Coffey 1989). 
Once in the phloem, phosphite is translocated through the plant in association with photo-
assimilates in a source–sink relationship (Saindrenan et al. 1988; Ouimette and Coffey 
1990; Guest and Grant 1991; Jackson et al. 2000). 
In natural ecosystems, other than phosphite there are few if any products suitable for the 
control of Phytophthora. There is some evidence for P. cinnamomi  becoming resistant to 
phosphite after prolonged and consistent use of phosphite in avocado orchards 
(Dobrowolski et al. 2008).    In managed ecosystems (horticulture), metalxyl (Trade 
names Metalaxyl-M or Ridomil Gold), furalaxyl 250 (Fongarid 250), captan (Captan) and 
etridiazole (Terrazole) are used widely as soil drench and or foliar applications to control 
Phytophthora  diseases.  However, unlike phosphite all these fungicides have specific 
modes of action which results in rapid resistance build up if they are used indiscriminently 





The effect of phosphite on Phytophthora  
The fungicide phosphite has been shown to be effective against P. cinnamomi in native 
plant communities in south west Western Australia (SWWA) (Komorek et al. 1997). It can 
be applied by spraying to run-off, aerial spraying as a mist application, trunk injection or, 
less commonly by a soil drench. Its effectiveness at low concentrations and its low toxicity 
to other organisms has meant it is widely used in both horticulture and native ecosystems. 
It controls dieback disease in planta at concentrations that only partially inhibit pathogen 
growth in vitro (Guest and Bombeix 1984; Guest and Grant 1991; Wilkinson et al. 2001a). 
This is because of the involvement of the plant’s defence reactions (Jackson et al. 2000). 
Phosphite concentration and timing of application are important aspects of phosphite 
treatments. It has been found to be most effective when applied before infection (Marks 
and Smith 1992). 
Phosphite is highly inhibitory to the mycelia growth of several Phytophthora species in 
vitro and other stages of the life cycle, in particular sporulation which it reduces but does 
not entirely inhibit (Coffey and Joseph 1985; Cohen and Coffey 1986; Wilkinson et al. 
2001b). Wong (2006) reported that phosphite caused lysis of P. cinnamomi hyphae at 40 
μg/ml. Phosphite causes growth abnormalities in Phytophthora hyphae as it interrupts cell 
wall synthesis and phospholipid metabolism in the pathogen (Barchietto et al. 1992). 
Zoospore and sporangial formation in P. citricola was also inhibited by phosphite 
treatment (Wong 2006). 
There have been a number of studies of the effectiveness of phosphite on different 




of phosphite required to reduce the growth activity of Phytophthora by half of its level in 
the absence of phosphite (Coffey and Bower 1984; Fenn and Coffey 1984; Dercks and 
Buchenauer 1987; Bashan et al. 1990; Wilkinson et al. 2001a; Wong 2006). There is a 
large range of sensitivity to the compound within and between Phtytophthora species. No 
species tested so far is completely tolerant in vitro. The sensitivity of Phytophthora 
species to phosphite in solid and liquid media in vitro is discussed in detail in Chapter 2. 
It is generally accepted that increasing phosphate either in vitro or in soils decreases the 
effectiveness of phosphite (Guest and Grant 1991). On solid medium the level of 
phosphate appears to be less important than in liquid medium. For example, Fenn and 
Coffey (1984) found little effect of phosphate in a solid medium on the EC50 of phosphite. 
However, there are many reports that phosphite is most effective under limiting conditions 
of phosphate. A phosphite–sensitive isolate of P. palmivora at phosphate concetrations 
between 1 to 3 mM was inhibited by (1 mM) phosphite, but phosphite-tolerant isolates 
were inhibited by phosphite only when phosphate was limiting to growth suggesting that 
tolerant isolates, but not the phosphite sensitive ones were able to eliminate phosphite at 
lower levels of phosphate (Griffith et al. 1993). A number of studies (Dunstan et al. 1990; 
Griffith et al. 1990; Barchietto et al. 1992; Niere et al. 1994) have shown that growing 
Phytophthora species in the presence of phosphite has specific effects on the metabolism 
of phosphorus–containing compounds and the phosphate transport system. Phosphite is 
taken up in Phytophthora species by the simultaneous activity of a a low-affinity system 
present constitutively and a high-affinity system induced only when phosphate in the 
medium becomes limiting (Barchietto et al. 1988; Griffiths et al. 1989). The toxicity of any 




al. 1993). However, Phytophthora species and isolates vary considerably in their 
sensitivity to phosphite when grown at the same phosphate concentration (Griffith et al. 
1993). The effect of phosphate concentration on EC50 of phosphite in liquid medium may 
in general be greater than in solid medium but the effect appears to differ between 
species, and the information is confusing. 
Phosphite has proven to be most effective in controlling P. cinnamomi infection in a range 
of native plant communities in SWWA (Shearer et al. 2004b; Barrett et al. 2003; Shearer 
and Fairman 2007). Trunk injection with phosphite between 50 and 100 g phosphite /L 
has been shown to protect Banksia species and Eucalyptus marginata from P. cinnamomi 
for at least four years (Shearer et al. 2004b; Shearer and Fairman 2007). High volume 
foliar application at the rate of 5g phopshite/L has been shown to be effective for control 
in Banksia species for 0.5 to 2 years while low-volume aerial application of 24 kg 
phosphite/ha gave significantly greater survival of P. cinnamomi susceptible species for 
up to 3 years (Tynan et al. 2001; Barrett et al. 2003). Treated plants have contained 
lesions but as mentioned above they may still produce zoospores and sporangia 
(Wilkinson et al. 2001b). Also, Hardy et al. (2001b) reported that the phosphite tolerance 
in vitro was not correlated to phosphite tolerance in planta. In a trial using 12 isolates 
varying in sensitivity to phosphite in vitro inoculated into Banksia hookeriana and E. 




in planta sensitivities of the isolates to phosphite was recorded, and there was no 
difference in the percent growth inhibition of the isolates in the plant tissues. 
Phosphite affects pathogen directly, and also induces host plant responses that defend 
against the pathogen. The effect of phosphite in controlling the pathogen is determined 
by the phosphite concentration at the host–pathogen interface. At high phosphite 
concentrations, phosphite  acts directly on the pathogen to inhibit growth and enhance 
elicitor levels reducing the abilty of the pathogen establish an association with the host 
(Fenn and Coffey 1984; Jackson et al. 2000). Plants can be seen to resist P. cinnamomi 
even when tissue levels of phosphite are too low to be effective against the pathogen in 
vitro. Phosphites stimulate host defence mechanisms such as the accumulation of 
phytoalexins, soluble phenolics and increased activity of host defence enzymes (Guest 
1984; Nemestothy and Guest 1990; Jackson et al. 2000; Daniel and Guest 2006). 
Uptake of phosphite and its translocation in plants 
Phosphite is translocated in both the xjlem and phloem (Ouimette and Coffey 1990). 
Plants do not metabolise phosphite, so phosphite remains in plants until it is diluted by 
plant growth, leaf fall or fruit harvest (Guest and Grant 1991). There are large differences 
in phosphite uptake, distribution and persistence in different plant species (Hardy et al. 
2001b) and these differences affect phosphite efficacy. Proteaceae and Corymbia 
calophylla treated with phosphite in the glasshouse  had greater phosphite concentrations 
in roots than shoots (Fairbanks et al. 2000; Wilkinson et al. 2001c; Barrett et al. 2002). 




phosphite concentrations were greatest in leaves, intermediate in stems, and least in 
roots (Aukland 2002).  
In the SWWA phosphite is generally applied in autumn when most plants are not flowering 
and when wind conditions minimise drift. This reduces the possibility of any detrimental 
impacts of phosphite on reproductive success. Drought stress can effect phosphite 
translocation. For example, drought stressed Xanthorrhoea preissii sprayed in summer 
did not translocate the compound to the roots but when sprayed in late winter it was 
detected in the roots after one week (Pilbeam et al. 2000). 
Phosphite phytotoxicity  
Generally phosphite has low environmental toxicity and no effect on plant growth or 
metabolism (Guest and Bompeix 1990; Guest and Grant 1991). However, foliar 
phytotoxicity has been reported in a number of horticultural and ornamental species 
(Walker 1989; Anderson and Guest 1990; de Boer and Greenhalgh 1990; Seymour et al. 
1994) and in native plant species (Aberton et al. 1999; Komorek et al. 1997; Pilbeam et 
al. 2000; Tynan et al. 2001). Phytotoxicity symptoms were never severe using 0.2 or 0.5% 
phosphite treatments but 1% phosphite or higher caused severe phytotoxicity in some 
native species (Wilkinson 1997; Jackson et al. 2000; Pilbeam et al. 2000). Symptoms 
included necrosis of leaf tips, margins or bases; and leaf drop. If plants are sprayed in 





New species of Phytophthora in Australia 
In view of the seriousness of the problems caused by P. cinnamomi it is of considerable 
concern that several new species of Phytophthora have recently been identified 
associated with dead and dying vegetation in Australia, particularly Western Australia 
(Burgess et al. 2009; Rea et al. 2010; Crous et al. 2011; 2012; 2014; Jung et al. 2011a, 
b; Rea et al. 2011; Burgess et al. 2018). During a recent re-evaluation of the Phytophthora 
collection maintained by the Vegetation Health Service of the Department of Environment 
and Conservation in Western Australia (WA), many new undescribed taxa and unique 
isolates were identified (Burgess et al. 2009). They have been isolated as a result of the 
management program for P. cinnamomi in WA, which includes extensive, regular testing 
of soil and plant tissue samples (Stukely et al. 1997; 2007a, b; Burgess et al. 2009). The 
detection of these new species has resulted from recognition of their unique combination 
of morphological and physiological characteristics as well as from use of molecular 
techniques (phylogenetic analysis of the ITS and cox1 gene regions). The species that 
will be investigated in this thesis and the information available on their possible host range 





Table 1.1 Phytophthora species and isolates used in this study including the Genbank 
accession number for the ITS sequence data. Provisional species names are indicated by 
quotation marks.  
Clade Species Isolate Genbank  
Accession No. 
2 P. elongata TP13-32 MF593924 
2 P. elongata TP13-36 MF593925 
2 P. multivora  TP13-04 MF593926 
2 P. multivora  CBS124094; WAC13201 FJ237521 
4 P. arenaria  CBS125800: ENA1 HQ013205 
4 P. arenaria  CBS127950; ENA3 HQ013219 
4 P. boodjera CBS138637; VHS26806 KJ372244 
4 P. boodjera VHSC27382 KJ372242 
6 P. baylanboodja CBS143058; VHS25675R1  KJ372258 
6 P. baylanboodja VHS25675R3 KJ372259 
6 P. condilina CBS 143059; VHS25244  KJ372262 
6 P. condilina PAB11.04 KC748465 
6 P. kwonganina DDS3599 EU593258 
6 P. kwonganina CBS 143060; VHS23298 JN547636 
6 P. 'personii' SA278 MF326894 
6 P. 'personii' SLPA133; MUCC772 HQ012954 
6 P. pseudorosacearum CBS143061; VHS29592 KJ372267 
6 P. pseudorosacearum HSA2530 HQ012963 
6 P. pseudorosacearum VHS24266 JN547637 
6 P. asparagi  VHS17175 EU301167 
6 P. fluvialis  CBS129424; DH086 JF701436 
6 P. fluvialis  DH213 JF701435 
6 P. gibbosa  VHS22007 HQ012935 
6 P. gibbosa  CBS127951; VHS21998 HQ012933 
6 P. gregata  CBS127952; VHS21962 HQ012942 
6 P. gregata  VHS21992 HQ012943 
6 P. 'walnut'  P281; IMI 389735 AF541910 
6 P. inundata P167; IMI 390121 EF210201 
6 P. inundata  VHS15512 KJ372260 
6 P. lacustris HSA1959 HQ012956 
6 P. litoralis  CBS127953; VHS20763 HQ012948 
6 P. litoralis  VHS17085 EU593262  
6 P. moyootj VHS16108 EU593259 
6 P. moyootj CBS138759; VHS27218 KJ372255 
6 P. rosacearum  HSA1658 KJ372274 
6 P. rosacearum  HSA1650 KJ372268   
6 P. rosacearum  VHS25476 KJ372269 
6 P. thermophila  PN42.13 MF593927 
6 P. thermophila  CBS127954; VHS13530 EU301155 
7 P. cinnamomi  MP94-48 JX113294 
7 P. niederhauserii PAB13-29 MG182635 
9 P. constricta CLJO695 MF593923 




Table 1.2 Phytophthora species used in this study, together with previous information for each species on host range 
recorded in the glasshouse and the field. Provisional species names are indicated by quotation marks. 
Clade Phytophthora species  Host species 
 Field Glasshouse 
2 P. elongata12 Eucalyptus marginata, Corymbia calophylla, Banksia grandis, 
Leucopogon propinqua, Dryandra squarrosa, Xanthorrhoea preissii, 
X. gracilis and Patersonia xanthine 12 
E. marginata, B. attenuata 12 
 
2 P. multivora17 
 
Eucalyptus marginata, E. gomphocephala, Agonis flexuosa3,17, 
Banksia menziesii, B. grandis, B. littoralis 17, B. prionotes, 
Conospermum sp., Leucopogon verticillatus, Xanthorrhoea gracilis, 
Podocarpus drouyniana, Patersonia sp., Bossiae sp., Gastrolobium 
spinosum, Pinus radiata,6 Rubus anglocandicans2  , Allocasuarina 
sp., Brachychiton populneus x acerifolia , Calothamnus sp. , 
Corymbia calophylla, C. citriodora, E. robusta, E. rudis, Ficus 
macrophylla, Xanthorrhoea preissii 3   
B. speciosa, E. erythrocorys 7. 
E. gomphocephala, E. marginata 18.  
Rubus anglocandicans2. 
4 P. arenaria13 Eucalyptus drummondii, E. polycephala, Banksia menziesii, B. 
littoralis, B. attenuata, Hibbertia hypericoides, B. sphaerocarpa, B. 
hookeriana 13 
E. oleosa 7, Banksia attenuata 13 
4 P. boodjera17 Agonis flexuosa, Eucalyptus marginata, Banksia media, Eucalyptus  
sp.19 
Eucalyptus kochii subsp. plenissima, E. 
kochii subsp. borealis, E. loxophleba 
subsp. lissophloia, E. polybractea 20 
6 P. baylanboodja Sedge 9  
6 P. condilina Casuarina obesa3  
6 P. kwonganina Hibbertia sp., Banksia prionotes 9   
6 P. 'personii' Nicotiana tobacum, Grevillea mccutcheonii 9,6, Rubus 
anglocandicans2 
Rubus anglocandicans2 
6 P. pseudorosacearum Persoonia longifolia, Xanthorrhoea platyphylla 9  
6 P. asparagi15 Banksia media, Asparagus officinalis 9 B. media, Lomandra sonderi 
6,15
,
 Asparagus albus 15 
Juniperus phoenicea, Pistacia lentiscus 
16 , asparagus15 
6 P. fluvialis10  native vegetation, stream baiting 10         
6 P. gibbosa9 
 
Acacia pycnantha. Xanthorrhoea gracilis, Grevillea sp., Acacia 
pycnantha, A. pycnantha 9 
 
6 P. gregata9 
 
Banksia prionotes, Pinus radiata, Eucalyptus sp., Xanthorrhoea 
preissii, Patersonia sp., Hakea sp.9.  Alnus glutinosa22  
 




Clade Phytophthora species  Host species 
 Field Glasshouse 
6 P. inundata4 Olea sp., Xanthorrhoea preissii, Banksia attenuata, Aesculus 
hippocastanum 9, Rubus anglocandicans 2, B. littoralis, Adenanthos 
cuneata6, Xanthorrhoea preissii 9,6, 21, Casuarina obesa 3, Alnus 
glutinosa 22, Aesculus hippocastanum, Salix matsudana, Olea, Vitis, 
Chrysanthemum, Capsicum4 
Prunus amygdalus var. dulcis, Beta 
vulgaris 14. Rubus anglocandicans 2 
6 P. lacustris11 Salix matsundana, Alder roots, Prunus roots, peach tree 11,  Alnus 
glutinosa 22. 
Alnus glutinosa, Prunus persica 11 
6 P. litoralis9 Banksia sp., Xanthorrhoea preissii 9,6,  Rubus anglocandicans2, 
Casuarina obesa 3 
 
6 P. moyootj5 native vegetation5  
6 P. rosacearum8 Rosaceous fruit trees, including apple and cherry8, Banksia repens 
(formerly Dryandra repens)   
 
6 P. thermophila9 Eucalyptus marginata, Banksia grandis, Native forest9, Rubus 
anglocandicans 2 
Rubus anglocandicans2 
7 P. niederhauserii1 
 
Banksia prionotes6    Banksia speciosa., B. baxteri R. Br., 
Callistemon citrinus, Cistus salvifolius, 
Chamaecyparis lawsoniana, Abies 
nordmanniana, Kalanchoe 
blossfeldiana,, Sinninga speciosa, 
Hedera helix, Thuja occidentalis, 
Juniperus sp.  Metrosideros villosa, 
Callistemon citrinus, Acacia dealbata, 
Pistacia lentiscus, and other species 1 
9 P. constricta13 Isolated from Kwongan heathland, Pinus radiata, Banksia falcata, B. 
attenuata, B. cirsioides 13 
Banksia attenuata 13 
1Abad ZG et al. 2014.  2Aghighi et al. 2016.  3Barber et al. 2013.  4Brasier et al. 2003b.  5Burgess and Stukely 2014.  6Burgess et al. 2009.  
7Davison et al. 2014.  8Hansen et al. 2009.  9Jung et al. 2011a.  10Jung et al. 2011b.  11Nechwatal et al. 2013.  12Rea et al. 2010.  13Rea et al. 2011.  
14Safaiefarahani et al. 2013.   15Saude et al. 2008.  16Scanu et al. 2015.  17Scott et al. 2009.  18Scott et al. 2012.  19Simamora et al. 2015.  




It is difficult to disentangle the contribution of P. cinnamomi and the newly described 
species to the death of the vegetation. Isolation of typical Phytophthora mycelium from 
infected plant parts or soil, is alone insufficient to determine that the new species has 
caused the death of nearby plants. There are few controlled glasshouse studies of the 
pathogenicity of the new species (Table 1.2). Much more information is needed about 
their distribution and host range, and whether or not they cause disease independently 
or in association with P. cinnamomi. So far as management is concerned it is vital to know 
how these new species respond to control measures that are in place against P. 
cinnamomi. Therefore, in the present study the following new species from each of the 
clades were selected for detailed investigation into their sensitivity to phospite in vitro and 
in planta (Table 1.2).  
Two species from Clade 2 were used, P. elongata and P. multivora. Phytophthora 
elongata has been isolated in the northern jarrah forest of SWWA from the roots and 
collars of dead and dying Eucalyptus marginata and infrequently Corymbia calophylla in 
rehabilitated bauxite mine pits. It has also been associated with dead and dying plants of 
several mid- and understorey species in the northern and southern jarrah forest in WA 
and has also been isolated from sandy soils and loams in Victoria in eastern Australia 
(Rea et al. 2010) (Table 1.2). P. multivora was described in Australia 2009 from the 
rhizosphere of declining Eucalyptus gomphocephala, E. marginata and Agonis flexuosa 
in Yalgorup National Park and appears to have a wide host range (Scott et al. 2009; 




Two species from Clade 4 were used, P. arenaria and P. boodjera. DNA sequencing of 
the ITS rDNA and cox1 genes confirmed the uniqueness of P. arenaria which was isolated 
mainly from dead and dying Banksia species in warmer and drier area of the northern 
sandplains SWWA. P. boodjera has been shown to cause damping-off and mortality of 
Eucalyptus seedlings under nursery conditions in Western Australia (Simamora et al. 
2015). 
Most of the species used were from Clade 6. P. baylanboodja, P. condilina, P. 
kwonganina, P. 'personii', P. pseudorosacearum, P. asparagi, P. fluvialis, P. gibbosa, P. 
gregata, P. ‘walnut’, P. inundata, P. lacustris, P. litoralis, P. moyootj, P. rosacearum, and 
P. thermophila have been described from natural ecosystems, waterways, dying 
vegetation within remnant bushland, parks and gardens, and streetscapes in WA and or  
Australia  (Burgess et al. 2009; Scott et al. 2009; Rea et al. 2010; Crous et al. 2011; 2012; 
2014; Jung et al. 2011a, b; Rea et al. 2011, Aghighi et al. 2012) (Table 1.2). However 
there is no information on Australian hosts of P. lacustris which is reported to cause 
significant root damage in the northern the hemisphere species Alnus glutinosa, Prunus 
persica and P. dulcis (Nechwatal et al. 2013). Similarly no host species are known for P. 
fluvialis or P. moyootj, although they were isolated from Western Australian bushland with 
dying plants. 
From Clade 7 which includes P. cinnamomi, the new species P. niederhauserii was 
included. This species has been shown to have a wide host range and appears to be an 
emerging pathogen in several countries. A non-papillate, heterothallic Phytophthora 
species, it was first isolated in 2001 and now reported from symptomatic roots, crowns 




Hungary, Israel, Italy, Japan, the Netherlands, Norway, South Africa, Spain, Taiwan, 
Turkey, the United Kingdom and United States) (Abad et al. 2014). In Australia it has 
been reported from Banksia prionotes in natural ecosystems (Burges et al. 2009).  
One Clade 9 species was included. P. constricta is homothallic and associated in the 
Kwongan vegetation in WA with dead and dying Banksia species (Rea et al. 2011) (Table 
1.2). 
Thesis objectives 
The objectives of this study were to investigate: 
1- the response to phosphite of the Phytophthora species new to Australia and new 
to science. This will be done firstly in vitro.  
2- the response of the new phytophthora species to phosphite in planta in the 
glasshouse, testing whether phosphite can reduce disease expetion in plants 
infected by the various species. For convenience the group of species new to 
Australia, or to Western Australia, or new to science will be referred to simply as 
‘new’ species in this thesis when the distinction between the different categories is 
not important. 
3- the host range of the new Phytophthora species and their likely ecological impact. 
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CHAPTER 2 
In vitro growth of some Phytophthora species in 





The tolerance of 23 Phytophthora species to phosphite was examined in vitro. 
Phosphite tolerance was assessed by calculating the EC50 of mycelial growth on solid 
Ribeiro’s modified medium (RMM) with 0-160 µg/ml phosphite or biomass in liquid 
RMM with 0-900 µg/ml phosphite. In solid medium, EC50 values were 5 to >160 µg 
/ml. For some species both isolates displayed a similar EC50, while for other species 
there was variation in EC50 between isolates. On solid RMM the highest level of 
phosphite tested (160 μg/ml), was insufficient to reduce mycelial growth below 50% 
for isolates of P. arenaria, P. lacustris, P. 'walnut', P. inundata, and P. 'personii'. 
Reliable assessment of phosphite tolerance on solid RMM was problematic, and 
therefore more accurate assessments were made using liquid RMM. When pH of liquid 
medium was buffered using 0.03 M MES (2-(N-morpholino)ethanesulfonic acid) EC50 
values ranged from 30 to >900 µg/ml and 19 of the 23 species displayed a much higher 
level of tolerance to phosphite than in solid, or unbuffered liquid RMM. Species with 
an EC50 >900 µg/ml (P. condilina, P. baylanboodja, P. gibbosa P. inundata , P. 
'personii' and P. 'walnut') are of concern for management and whether isolates 
exhibiting tolerance in vitro are also tolerant in planta is tested in Chapters 3 and 4. 
Introduction 
Phosphite a salt of phosphorous acid is highly effective against oomycete plant 
pathogens (Cohen and Coffey 1986; Bashan et al. 1990; Grant et al. 1990; Guest and 
Grant 1991; Aberton et al. 1999; Shearer et al. 2004b, 2006). Phosphite is systemically 
mobile within the plant and the main control agent against these pathogens in 
horticulture, agriculture and natural ecosystems, and the only cost effect measure that 
can be applied in natural environments (Aberton et al. 1999; Garbelotto et al. 2007; 
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Gentile et al. 2009; Hardy et al. 2001a; Tynan et al. 2001). In Western Australia, 
phosphite is successfully used to reduce the impact of P. cinnamomi in jarrah 
(Eucalyptus marginata) forest and sand plain vegetation. In general it has low toxicity 
on most plant and animal species (Pilbeam et al. 2000; Tynan et al. 2001), does not 
affect the growth of healthy plants (Thao and Yamakawa 2009), and resistance to 
phosphite does not build up quickly (Dobrowolski et al. 2008). Most plant communities 
need to be sprayed every 6-months to 4 years for adequate control (Shearer and 
Fairman 2007; Shearer et al. 2004b). 
In many Phytophthora species phosphite reduces mycelial growth and causes severe 
morphological abnormalities including thickening of tips, knot–like swellings and lysis 
(Dercks and Buchenauer 1987; Wong 2006). Although phosphite can promote 
chlamydospore production (McCarren et al. 2009), it inhibits other stages of the 
Phytophthora life cycle such as sporangium production, zoospore release and 
germination (Buchenauer and Dercks 1983; Farih et al. 1981), with the effective 
concentration on these stages of the life cycle being much lower than that needed to 
inhibit mycelial growth. However, whether in vitro observations relate to what occurs 
in planta, is not clear. Wilkinson et al. (2001b) showed that P. cinnamomi could still 
produce sporangia and release zoospores from lesions in Eucalyptus marginata 
contained by phosphite treatment. In P. infestans, there appeared little correlation 
between in vitro and in planta sensitivity to phosphite (Bashan et al. 1990; Coffey and 
Young 1984; Guest and Grant 1991), but good correlation between in vitro and in vivo 
tolerance has been recorded using laboratory-induced resistant mutants of P. 
palmivora (Fenn and Coffey 1985; Dolan and Coffey 1988). 
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In vitro studies of mycelial growth of Phytophthora species in the presence of 
phosphite have been mainly conducted on solid media, with EC50 values ranging from 
1.27 to 603 µg/ml (Table 2.1). Most Phytophthora species were moderately sensitive 
to phosphite having an EC50 of 20 to 50 µg/ml phosphite (Table 2.1) but some species 
such as P. citricola (EC50 1.3-7 µg/ml) and P. citrophthora (EC50 1.3-7 µg/ml) appear 
highly sensitive (Table 2.1). Isolates of P. capsici have been reported to have the 
highest tolerance to phosphite with an EC50 of 603 µg/ml phosphite (Veena et al. 
2010). While the range of sensitivity known in a species reflects to some extent the 
number of isolates that have been tested, P. capsici and P. infestans isolates show 
the greatest variation in sensitivity to phosphite (Table 2.1). 
Some data on phosphite sensitivity are based on growth on non-defined media. The 
high values reported for P. capsici (Veena et al. 2010) were determined using carrot 
agar,  and rye seed medium for P. infestans  (Coffey and Bower 1984). However, most 
data are from Ribeiro’s medium, a defined medium that contains 0.084 to 7.35 mM 
phosphate (Coffey and Bower 1984; Fenn and Coffey 1984; Coffey and Joseph 1985; 
Bashan et al. 1990; Darakis et al. 1997; Wilkinson 2001a). 
Fewer Phytophthora species have been tested for mycelial growth in liquid culture 
(Table 2.1). Given the range of variation within each species, a comparison of the 
effect of phosphite in solid and liquid media is only valid when the same isolate is 
tested on both types of medium. This information is available for four isolates of P. 
cinnamomi (Table S2.1), three of which are more tolerant to phosphite when tested in 
liquid than on solid medium. However, the comparison is further complicated by the 
effect of different phosphate levels in the medium on the EC50 of phosphite. The solid 
medium used by Wilkinson et al. (2001a) contained 7.35 mM phosphate whereas the 
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liquid medium used by King (2007) had 10 mM phosphate. Furthermore, data from 
Wilkinson et al. (2001a) show that for P. cinnamomi (MP62) the EC50 in solid Ribiero’s 
modified medium (RMM) was 6 µg/ml, while Wong (2006) found that in liquid RMM 
with 0.1 mM phosphate, the EC50 was < 5 µg /ml and with 10 mM phosphate it was 
155.9 µg/ml. 
Table 2.1 Published data on the sensitivity of Phytophthora species to phosphite in 
solid and liquid media. The number of isolates falling within each EC50 range is shown 
Phytophthora spp. 
Number of isolates in each EC50 range  
 (µg/ml phosphite) References 
 <10 11-50  51-100 100-200 >200  
Solid media 
P. boehmeriae   1       2 
P. cactorum 4   1     2, 8 
P. capsici 7 3 3 3  23 2, 4, 6, 8, 10, 11  
P. cinnamomi 15 6   1   2, 3, 6, 8, 9  
P. citricola 7         2, 3, 8 
P. citrophthora 6         1, 8 
P. cryptogea 1         8 
P. infestans 2 2 1 3 4 1, 2 
P. megasperma 6 1 2     2, 8 
P. palmivora 5 2 1 2   5, 8  
P. parasitica 3 1       2, 8 
Liquid media 
P. capsici 4 1       11 
P. cinnamomi 4 4 1 2   7, 11 
P. citricola 3 2       11 
P. nicotianae 4 1       11 
P. palmivora 3 2       11 
References: 1, Bashan et al. (1990); 2, Coffey and Bower (1984); 3, Coffey and Joseph (1985); 4, 
Darakis et al. (1997); 5, Dolan and Coffey (1988); 6, Fenn and Coffey (1984); 7, King (2007); 8, Ouimette 
and Coffey (1989); 9, Wilkinson et al. (2001a); 10, Veena et al. (2010); 11, Wong (2006). 
 
It is generally accepted that increasing phosphate, either in vitro or in soils, decreases 
the effectiveness of phosphite (Guest and Grant 1991). In solid medium, the level of 
phosphate appears to be less important than in liquid medium (Fenn and Coffey 1984). 
In liquid media, phosphite has been shown to be most effective under limiting 
conditions of phosphate (Wong 2006). A phosphite–sensitive isolate of P. palmivora 
at phosphate (1 to 3 mM) was inhibited by 78 µg/ml phosphite, but phosphite-resistant 
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isolates were inhibited by phosphite only when phosphate was limiting to growth. This 
suggested that phosphite tolerant isolates, but not sensitive ones were able to 
eliminate phosphite at lower levels of phosphate (Griffith et al. 1993). A number of 
studies (Barchietto et al. 1992; Dunstan et al. 1990; Griffith et al. 1989; 1990; Niere et 
al. 1994) have shown that growing Phytophthora species in the presence of phosphite 
has specific effects on the metabolism of phosphorus–containing compounds and the 
phosphate transport system and that the toxicity of phosphite is dependent on the 
phosphate concentration (Griffith et al. 1993). However, Phytophthora species and 
isolates vary considerably in their sensitivity to phosphite when grown at the same 
phosphate concentration (Griffith et al. 1993). 
In the present study investigated the phosphite sensitivity of 22 Phytophthora species, 
many of which have been recently described from natural ecosystems in Western 
Australia, on unbuffered solid RMM or liquid medium with 0.35 mM phosphate. A 
comparison was then made with their responses in liquid RMM with the same levels 
of phosphate and pH stabilised using MES (2-(N-morpholino)ethanesulfonic acid), 
which has also been used as a buffer by Fenn and Coffey 1984 and  Darakis et al. 
1997. 
Materials and Methods 
Phytophthora species tested for sensitivity to phosphite.  
One to two (rarely 3) isolates from each of 22 Phytophthora species were selected 
from the Murdoch University culture collection (Table 2.2). The isolate MP94-48 was 
also included  as it has been used as a standard in much published work. On solid 
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medium, this isolate has an EC50 of 8 μg/ml phosphite after 6 days growth (calculated 
from Wilkinson et al. 2001a). 
All isolates were sub-cultured onto solid (RMM) (Ribeiro 1978) and kept at 25°C for 6 
days for the fast-growing isolates and longer for slow growing ones. Uniform samples 
of the cultures grown on RMM were taken from the colony margins using a 9 mm cork 
borer and one disc placed in the centre of the plates. The isolates were tested in 
batches and each batch included controls of either P. cinnamomi (MP94-48) (in solid 
and liquid media with phosphite up to 320 μg/ml) or P. baylanboodja (CBS143058) (in 
liquid RMM with phosphite concentrations >320 μg/ml) to check the consistency of 
results between batches. 
Preparation of solid and liquid media with phosphite  
RMM with 0.35 mM phosphate was used for both liquid and solid media. Solid media 
contained 3% agar. The pH of the medium was adjusted to 6.4 (using KOH) and it was 
autoclaved before addition of the appropriate amount of phosphite. A stock solution of 
filter sterilized phosphite (pH 6.5, adjusted with KOH) was freshly prepared from 
phosphorous acid (Aldrich Chemicals) and mixed with cooled sterilized RMM to give 
the specified phosphite concentration. After adding phosphite, the media were 
dispensed into 9 cm diameter Petri-dishes (20 ml for solid, and 25 ml for liquid 
medium). Inoculated plates were sealed with Parafilm® and incubated in the dark at 





Table 2.2 Isolates of Phytophthora species used, and details of their isolation and 
location 
Phytophthora spp. Isolates Host Location a 
P. arenaria 
 
CBS125800;ENA1 Eucalyptus drummondii Eneabba, WA 
CBS127950;ENA3 Eucalyptus polycephala   Eneabba, WA 
P. asparagi VHS17175 Banksia media  Esperance, WA 
P. boodjera 
 
VHSC27382R Xanthorrhoea preissii Stirling, Perth, WA 
CBS138637: Unknown Tincurrin, WA 
P. cinnamomi MP 94-48 Eucalyptus marginata Willowdale, WA 
P. condilina CBS143059 Unknown Alfred Cove, WA 
 PAB11.04 Casuarina obesa  Attadale, WA 
P. constricta CBS125801 Unknown National Park, WA 
 CLJO695 Unknown Cooljarloo, WA 
P. baylanboodja VHS25675R3C Sedge Alfred Cove, WA 
 CBS143058 Sedge  Alfred Cove, WA 
P. elongata TP13-32 Corymbia calophylla Witchcliffe, WA 
TP13-36 Corymbia calophylla Darradup, WA 
P. fluvialis 
 
CBS129424 Native vegetation (water) Moore River, WA 
DH213 Native vegetation (water) Moore River, WA 
P. gibbosa 
 
CBS127951 Acacia pycnantha   Scott River, WA 
VHS22007 Acacia pycnantha   Scott River, WA 
P. gregata 
 
CBS127952 Patersonia sp.  Busselton, WA 
VHS21992 Native forest  Scott River, WA 
P. inundata 
 
P167 Unknown Unknown 




 platyphylla  
Fitzgerald River NP, 
WA 
 CBS143060 Banksia grandis  Bunbury, WA 
P. lacustris HSA1959 Water Welshpool, WA 
P. litoralis 
 
VHS17085 Banksia sp.  Ravensthorpe , WA  
CBS127953 Banksia sp. Ravensthorpe, WA 
P. moyootj 
 
CBS138759 soil Walpole, WA 




TP13-04 Corymbia calophylla Williams, WA 
CBS124094 Eucalyptus marginata Yalgorup, WA 
P. neiderhauseri PAB13-29 Banksia prionotes Lancelin, WA 
P. 'personii' SLPA133 Stream baiting  Ti-Tree Creek, VIC  
 SA278 Rubus anglocandicans Pemberton, WA 
P. pseudorosacearum CBS143061 Persoonia longifolia Jarrahdale, WA 
 HSA2530 Native vegetation (water) Cooljarloo, WA 
 VHS24266 Xanthorrhoea platyphylla  Albany, WA 
P. rosacearum HSA1658 Native vegetation  Cooljarloo, WA 
 VHS25476 Banksia repens  Wellstead, WA 
 HSA1650A Native vegetation  Cooljarioo, WA 
P. thermophila PN42.13 Water tank Tincurrin, WA 
 CBS127954 Banksia grandis  Dwellingup, WA 
P. 'walnut'  IMI389735 Juglans hindsii California, Merced 
County, USA 
aWA; Western Australia, NP; National Park, VIC; Victoria 
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Experiment 1. The effect of phosphite on some Phytophthora species grown on 
solid RMM.  
For each isolate, mycelial radial growth on solid RMM containing 0, 5, 20, 40, 50, 60, 
80, and 160 μg/ml of phosphite was assessed by measuring the greatest diameter of 
the colony and the diameter at right angles to this, when the colonies on medium 
without phosphite reached the edge of the plates. However, species with very slow 
growth on solid medium (two isolates of P. arenaria, P. boodjera, P. litoralis and P. 
moyootj and one isolate of P. asparagi, P. lacustris and P. thermophila) were assessed 
14 days after inoculation. To confirm the accuracy of mycelial radial growth 
assessments, the experiment was repeated using isolates of ten of the species: P. 
multivora, P. baylanboodja, P. 'walnut', P. inundata, P. elongata, P. rosacearum, P. 
pseudorosacearum, P. thermophila, P. lacustris and P. kwonganina. 
The EC50 values were computed from plots of the percent inhibition at different 
phosphite concentrations compared to growth on the RMM with no phosphite. The 
growth data from the two experiments using ten Phytophthora species at different 
concentrations of phosphite in solid medium were compared using factorial between 
groups ANOVA, with factors of phosphite concentration (8 levels) and experiment (two 
levels) and a dependent variable of growth rate (mm). Each isolate was tested 
separately. Also, data from the repeated control (P. cinnamomi) used with each batch 
of isolates were compared using the same test above. EC50 values were described 
without parametric analysis. The ranking of the isolates' EC50 values on solid medium 
was compared with their growth rate using a non-parametric Spearman rank 
correlation Rs (to include for some cases where the EC50 was >160 μg/ml phosphite).  
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Experiment 2. Preliminary experiments to determine the methods for 
assessment of growth in liquid RMM and to make comparisons with solid RMM. 
(A) Comparison of the EC50 in solid and liquid RMM. Seven isolates of P. 
cinnamomi (Table 2.3) were selected based on their sensitivity to phosphite in solid 
RMM (Wilkinson et al. 2001a). These isolates were grown for seven days on solid and 
liquid RMM media (pH 6.4) containing different concentrations of phosphite (0, 5, 20, 
40, 50, 60, 80, and 160 μg/ml) and their EC50 and growth rates were assessed. 
Mycelial growth in liquid RMM was assessed by measuring the biomass dry weight 
after 7 days. Briefly, the mycelia were lifted out of the liquid, blotted dry with filter paper 
and dried in an oven at 70°C for one day before weighing. The EC50 values were 
computed from plots of the percent inhibition at different phosphite concentrations 
compared to growth on the RMM with no phosphite. The experiment was repeated. 
Table 2.3 Phytophthora cinnamomi isolates 
Isolates Host Location 
MP80 Corymbia calophylla Jarrahdale, WA 
MP94-48 Eucalyptus marginata Willowdale, WA 
MP125 Eucalyptus marginata Huntley, WA 
MP94-03 Eucalyptus marginata Willowdale, WA 
MP128 Xanthorrhoea preissii Jarrahdale, WA 
MP62 Eucalyptus marginata Jarrahdale, WA 
A15 (MP135) Eucalyptus marginata Kelmscott, WA 
Data on colony diameter or mycelium dry weight, from the repeated experiments were 
analysed using factorial between groups ANOVA, with factors of phosphite 
concentration (8 levels) and trial (two levels) and a dependent variable of growth rate 
(mm for solid medium and mg for liquid medium over 7 days). Each isolate was tested 
separately. 
(B) The effect of the addition of MES to liquid RMM on mycelium growth and 
final medium pH 
The growth of P. cinnamomi (MP94-48) was assessed in liquid RMM containing 0, 
0.03, 0.06, 0.12 M of  MES for 7 days There were five replicates of each treatment.. 
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The significance of different concentrations of MES on growth of P. cinnamomi (MP94-
48) was tested using a one-way ANOVA.  
The growth of seven P. cinnamomi isolates was assessed in liquid RMM at an initial 
pH 6.4 with and without the addition of 0.03 M MES (the chosen concentration of MES) 
and in the absence of phosphite. There were three replicates per treatment and the 
experiment was repeated. The experiments were analysed separately  and growth 
assessed as a factorial analysis of variance, followed by Tukey’s HSD for comparison 
between levels. 
The effect of the addition of 0.03 M MES  on the EC50 and the final medium pH of liquid 
RMM was assessed after 7 day’s growth at different phosphite concentrations 0, 5, 
20,40,80,160, and 280 μg/ml using  seven P. cinnamomi isolates and two isolates of 
P. multivora and P. kwonganina. There were three replicates per treatment and the 
experiment was repeated. The data were analysed using a factorial analysis of 
variance with factors of isolate (11), experiment (2) and presence or absence of MES.  
The dependent variable was the growth rate. The effect of MES on the growth rate of 
each individual isolate was assessed using Tukey’s HSD post hoc test where the initial 
effect of MES was significant overall. 
Experiment 3. The effect of phosphite on some species of Phytophthora in vitro 
in liquid RMM amended with 0.03 M MES.  
To determine the EC50 for the Phytophthora species (Table 2.2), the isolates were 
grown in liquid RMM with 0.03 M MES and phosphite  at  0, 5, 40, 80, 160, 200, 240, 
and 320 µg/ml. Mycelial growth in liquid RMM was assessed by measuring the 
biomass dry weight after 7 or 14 days for fast and slow growing isolates, respectively. 
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Culture conditions and growth assessment were as described above. In each batch, 
P. cinnamomi (MP94-48) was included as a control. 
As some Phytophthora isolates screened in the initial liquid medium experiment had 
an EC50 higher than 320 µg/ml, the growth of these isolates was further tested in liquid 
RMM containing higher phosphite concentrations (0, 300, 500, 700, and 900 µg/ml 
phosphite). In each batch P. baylanboodja (CBS143058) was included as a control as 
it has an EC50 of >900 µg/ml. 
The ranking of the isolates' EC50 values and growth on liquid medium was compared 
using a non-parametric Spearman rank correlation Rs. Then the ranking of the 
isolates' EC50 values on solid and liquid medium was compared using the same test. 
Experiment 4. Use of phosphite as a phosphate source by Phytophthora.  
As some of the new species grew well at high levels of phosphite, a trial was conducted 
to determine if a representative these species, P. inundata was able to metabolise 
phosphite under conditions low phosphate. Two isolates of P. inundata were grown 
for 9 days in liquid RMM with no phosphate or the normal level of phosphate in RMM 
(0.35 mM), and with 0 or 400 µg/ml phosphite.  
The data were analysed as a 3-way analysis of variance with factors of isolate 
(VHS15512 and P167), phosphate (no phosphate and 0.35mM phosphate) and 
phosphite (0 or 400 µg/ml phosphite). The primary question of interest was whether or 
not the phosphite led to an increase in growth rate for either isolate in the presence or 
absence of phospate. This was tested by comparing the means of the different 
treament combinations within the three-way interaction of phosphate x phosphite x 
isolate using post-hoc Tukey's HSD tests. 
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Results 
Experiment 1. The effect of phosphite on some Phytophthora species grown on 
solid medium.  
Data from the two trials conducted using ten of the Phytophthora species were not 
statistically different (P <0.05); therefore, only data from Trial 1 are shown. The EC50 
of the P. cinnamomi (MP94-48) determined from each batch of isolates of the new 
Phytophthora species was very consistent (mean EC50 49 ± 1.25), making it a valid 
control isolate and allowing comparison of the results from across all batches (Fig. 
2.1). 
All Phytophthora species showed a general reduction in radial growth on solid medium 
as phosphite concentration increased in vitro. The sensitivity of the new Phytophthora 
species ranged from below, to well above that of the P. cinnamomi (MP94-48) (Fig. 
2.1). For most species where two or more isolates were available, the growth and EC50 
of isolates were comparable. However, the P. thermophila (Fig. 2.2c), P. baylanboodja 
and P. pseudorosacearum isolates showed significant differences (Fig. 2.1) between 
each other. Phytophthora fluvialis (DH086 and CBS129424) and of P. thermophila 
(PN42.13) were the most sensitive to phosphite, having an EC50 of 5 μg/ml phosphite 
(Fig. 2.1; 2.2b,c). Both isolates of P. multivora were more sensitive than P. cinnamomi 
and neither grew at all in the presence of 160 μg/ml phosphite (Fig. 2.2d; 2.3). In 
comparison, several species and isolates were very tolerant, with an EC50 of >160 
μg/ml phosphite (Fig. 2.1; 2.2c,e,f). Some of these species such as P. thermophila 
(CBS127954) (were very slow growing on solid RMM and this may have prevented 
the estimation of a correct EC50 (Fig. 2.3). 
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The remaining species were intermediate in their sensitivity to phosphite having EC50 
values ranging from 30-90 μg/ml phosphite and were similar to P. cinnamomi (MP94-
48), which had an EC50 of 49 μg/ml phosphite. Overall, there was a significant negative 
rank correlation between EC50 and growth rate of the different species (Rs41 = -0.377, 
p<0.05). Species with a slower growth rate (e.g. P. asparagi, P. boodjera, P. lacustris, 
P. litoralis, P. moyootj and P. thermophila (CBS127954)), tolerated higher levels of 
phosphite in vitro than species with  faster growth. The exceptions to this general trend 
were two isolates of P. 'personii', P. inundata, and one isolate of P. 'walnut'. 
 
 36 
Fig. 2.1 Growth rate and EC50 for inhibition of mycelial growth by phosphite for isolates 
of 23 Phytophthora species on solid and liquid Ribeiro’s modified medium buffered 
with 0.03 M MES. The phylogenetic tree on the left was generated using ITS sequence 
data and depicts the relationship between the species considered in this study. 
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Fig. 2.2 Percentage growth inhibition of Phytophthora species a: P. cinnamomi, b: P. 
fluvialis, c: P. thermophila, d: P. multivora, e: P. inundata, and f: P. 'walnut' grown in 
solid Ribeiro’s modified medium containing 0-160 μg/ml phosphite. Each point 
represents the mean of five replicates. Standard errors of the means are shown where 
large enough to be displayed.  
 
In several cases, it was difficult to measure the colony diameters accurately as the 
colony was not circular, or had some long strands of hyphae extending from just one 
edge of the colony. More importantly, the colonies at different concentrations of 
phosphite, or even on the same concentration of phosphite, with the same diameter 
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were frequently of very different density, so a measure of diameter did not accurately 
reflect the mass of growth. This was illustrated for P. lacustris (Fig. 2.3).  
 
 
Fig. 2.3 The appearance of mycelium when the control (0 μg/ml phosphite) reached the 
edge of the plate (P. cinnamomi, P. multivora, P. inundata) and after 14 days (P. 
thermophila and P. lacustris). Isolates were grown on solid Ribeiro’s modified medium 
containing 0-160 μg/ml phosphite. Plates are 9cm in diameter. 
 
Experiment 2. Preliminary experiments to determine the methods for 
assessment of growth in liquid medium and to make comparisons with solid 
medium 
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A Comparison of the EC50 in solid and liquid medium for seven P. cinnamomi 
isolates and the effect of addition of MES on medium pH and mycelial growth.  . 
Data from the two trials of the seven P. cinnamomi isolates tested on solid media were 
not statistically (p>0.05) different giving the same final colony diameter in each trial for 
each isolate (p>0.05 for each isolate), with neither the factor trial nor the interaction 
between trial and either isolate or concentration significant (p>0.05 for each isolate. 
The data from the first trial in each case was used for subsequent analysis of EC50. 
The EC50 of the seven isolates of P. cinnamomi tested on solid medium under our 
experimental conditions were in general higher than those recorded by Wilkinson et 
al. (2001a) for these isolates (Table 2.4). The EC50 of all seven isolates of P. 
cinnamomi was lower in liquid RMM without 0.03 M MES than on agar medium (Table 
2.4). Isolates MP80 and MP94-48 were the most sensitive with an EC50 of 5 µg/ml and 
6 µg/ml, respectively and MP80 was completely inhibited at 280 µg/ml.  
Table 2.4 Growth rates (±SE) and EC50 values for growth in the presence of phosphite 
of Phytophthora cinnamomi isolates on solid and liquid Ribeiro’s modified medium. 






(no MES) (0.03M MES) 







MP80 5 15 11.62±0.38 5 10.24±0.33 160 12.43±0.38 
MP125 48 40 9.98±0.12 25 10.81±0.66 125 14.86±0.43 
MP94-03 4 45 9.50±0.21 30 15.62±0.29 280 16.85±0.79 
MP62 6 95 8.55±0.06 60 11.10±0.72 >280 14.38±0.23 
MP94-48 8 25 8.50±0.08 6 12.95±0.62 250 14.62±0.38 
MP 135 148 >160 8.21±0.15 35 13.57±0.38 170 16.18±0.31 
MP128 37 95 5.69±0.06 40 7.38±0.26 180 9.57±0.46 
aWilkinson et al. (2001a) 
bCurrent experiment 
cGrowth per day when controls reached the edge of the dish 
dGrowth per day based on mycelial dry weight at 7 days 
 
 Concentrations of MES from 0.03-0.12 M increased mycelial growth (F(3,16) = 22.3, 
P<0.001) (Fig. 2.4), and 0.03 M MES was chosen as the concentration to include in 
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subsequent experiments. The addition of 0.03 M MES increased overall mycelial 
growth in the seven P. cinnamomi isolates tested in both experiments, but not all 
isolates responded to the same extent. Data are shown from experiment 1 in which 
significant growth increases were observed for P. cinnamomi isolates MP62, MP125, 
and MP94-48 (F(1,6) = 94.4, P<0.0001) (Fig. 2.5, data from the first experiment). MES 
stabilized pH over the range of phosphite concentrations, compared to the drop in pH 
without MES after 7 days growth (Fig. 2.6). The addition of 0.03 M MES in the liquid 
medium also resulted in significantly higher EC50 values than for media without MES 
for seven isolates of P. cinnamomi, and two isolates each of  P. multivora and P. 
kwonganina (Table S2.2).  
 
Fig. 2.4 Mean mycelial dry weights (mg) of P. cinnamomi isolate MP94-48 grown for 7 
days in liquid Ribeiro’s modified medium with different concentrations of MES (0, 0.03, 
0.06, 0.12 M). Bars represent standard errors of five replicates and significant difference 






Fig. 2.5 Mean mycelial dry weights (mg) of 7 P. cinnamomi isolates grown for 7 days in 
liquid Ribeiro’s modified medium (without phosphite) and with or without 0.03 M MES. 




Fig. 2.6 Medium pH after 7 days growth of seven P. cinnamomi isolates in a range of 
phosphite concentrations (0-280 µg/ml) in Ribeiro’s liquid medium with or without 0.03 
M MES and an initial pH of 6.4. Standard errors of the means are shown where large 




Experiment 3. The effect of phosphite on some species of Phytophthora in vitro 
in liquid RMM amended with 0.03 M MES. 
Phytophthora mycelial growth was in general more tolerant of phosphite in liquid RMM 
medium with MES buffer than on unbuffered solid medium (Fig.2.1). The EC50 of the 
P. cinnamomi (MP94-48) determined from each batch of isolates was very consistent 
(mean EC50 260 ± 8.81). Similarly, the EC50 of the P. baylanboodja (CBS143058) did 
not differ between trials (>900 µg/ml phosphite), making validating the comparison of 
results from across all batches.  
Most species have an EC50 in the range 130-315 ug/ml phosphite (Fig 2.1).  Eight 
species had one or more very sensitive isolates with an EC50 between 30-80 (P. 
asparagi, P. constricta, P. fluvialis, P. gregata, P. kwonganina, P. lacustris, P. moyootj 
and P. multivora).  More tolerant isolates (EC50 450-550 ug/ml) were found in P. 
boodjera, P. elongata and P. thermophila, while P.  litoralis, P. gibbosa, P. ‘walnut’, P. 
balyanboodjera, P. inundata, P. condilina and P. ‘personii’ appeared extremely 
tolerant of phopshite having an EC50>900 ug/ml (Fig. 1). There was a negative rank 
correlation between EC50  and growth rate in liquid medium (Rs41 = -0.308, p<0.05). 
There was a positive correlation between the isolates’ EC50 rankings on solid and liquid 
media (r Rs41 = 0.341, p<0.05). Isolates of P. boodjera, P. elongata, and P. gibbosa 
showed a very high EC50 between 300 to 900 ug/ml phosphite (Fig. 2.1), while some 
isolates of P. 'condilina', P. inundata (Fig 2. 7c, 7d), P. 'walnut', P. baylanboodja and 




Fig. 2.7 Percentage growth inhibition of Phytophthora species a: P. constricta, b: P. 
gregata, c: P. 'condilina', d: P. inundata) grown in liquid Ribeiro’s modified medium with 
0.03 M MES and phosphite. Each point represents the mean of three replicates and 
standard errors are shown where large enough to be displayed. Note the different range 
of phosphite concentrations in a, b and c, d.  
 
For seven Phytophthora species (P. boodjera, P. kwonganina P. mooyetj, P. fluvialis, 
P. litoralis, P. pseudorosacearum and P. thermophila), there were large differences 
between the two isolates tested in liquid medium and these were not necessarily the 
same as observed on solid medium. The very large differences in EC50 values between 
isolates observed for P. moyootj, P. fluvialis, and P. litoralis in liquid medium did not 
occur on solid medium (Fig. 2.1). The P. thermophila isolate (PN42.13) that was most 
sensitive on solid medium, was also the most sensitive on liquid medium, whereas P. 
pseudorosacearum (VHS24266 and HSA2530) were reversed in sensitivity on solid 
and liquid medium. Both isolates of P. baylanboodja were tolerant to phosphite on 
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liquid RMM medium, but there were differences in sensitivity between the isolates in 
solid medium. 
Experiment 4. Use of phosphite as a phosphate source by Phytophthora.  
 Adding phosphite to either isolate did not increase mycelial growth rate significantly, 
irrespective of the presence or absence of phosphate. For P. inundata isolate 
VHS15512 adding phosphite as well as phosphate actually led to a significant 
decrease in mycelial growth rate relative to adding phosphate alone. Therefore, 
phosphite could not be utilized as a source of phosphate in this species (Table 2.5). 
Table. 2.5 Growth of P. inundata for 9 days in liquid RMM with KH2PO4 or phosphite as 
a source of phosphate. All media contained 0.03M MES. There were 5 replicates per 





Mycelial dry weight (mg) 
Phosphite 
Tukey's HSD test 
(significant results in 
bold) 
 
 0 400 µg/ml 
 
VHS15512 0 10.0 ± 2.04 13.2 ± 1.28  p = 0.9678 
 0.35 71.2 ± 2.05 54.6 ± 3.07 p = 0.0003 
Tukey's HSD  
 
 p = 0.0001 p = 0.0001 
 
 
P167 0 19.4 ± 3.21 16.8 ± 1.98 p = 0.9900 
 0.35 44.0 ± 1.00 52.0 ± 2.12 p = 0.2114 
Tukey's HSD 
 




The effect of phosphite on the 23 Phytophthora species varied significantly between 
species and isolates. Compared with previous results, the species tested here showed 
a wide range of sensitivity on liquid media, with some species having isolates  ranking 
with other sensitive (Table 2.1) with an EC50 of 50 μg/ml phosphite or less (e.g. P. 
constricta, P. asparagi, and P. gregata). Other species included isolates that ranked 
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above the most tolerant species previously described  (Table 2.1) and mycelial growth 
was relatively unaffected by 900 mg/ml phosphite (e.g. isolates of P. condilina, P. 
baylanboodja, P. gibbosa, P. inundata, P. litoralis, P. 'personii', and P. 'walnut'). These 
tolerant species are from Clade 6 while the previously described tolerant species P. 
infestans (Clade 1, EC50 224 μg/ml (Coffey and Bower 1984)) and P. capsici (Clade 
2, EC50 up to 603 μg/ml (Veena et al. 2010)). It would be of interest to know the level 
of tolerance of these isolates of P. capsici and P. infestans if tested in buffered liquid 
RMM. Growth of isolates of P. baylanboodja, P. inundata, P. condilina, and P. 'personii' 
are unusual in that they were relatively unaffected by 900 μg/ml phosphite in liquid 
medium. Considerable variation was recorded between isolates of some of the newly 
tested species as has been previously observed in other species (Table 2.1). There is 
clearly a need to test more isolates from these species when they become available.  
A direct comparison of the results from the present study with values reported in the 
literature must take into consideration the possible differences in isolate response in 
solid and liquid medium, and the confounding effect of the concentration of phosphate 
in the medium (Bashan et al. 1990; Griffith et al. 1989, 1993). 
Some studies suggested the fast growing isolates require higher levels of phosphate 
to sustain growth than slower growing isolates, and may also take up higher levels of 
phosphite in attempt to acquire adequate phosphate, (and thus have a lower EC50 than 
slower growing isolates that take up less phosphite), and there is evidence both for 
and against this in the literature (Neire et al. 1994, Barchietto et al. 1988). The present 
results supported a negative correlation between  EC50 and growth rate of  isolates on 
both solid and liquid medium, but when the growth rate was increased by the  addition 
of MES to the liquid medium, the EC50 was increased, not decreased. 
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These experiments confirm that in vitro testing of tolerance to phosphite has several 
limitations as suggested by Guest and Grant (1991). Use of solid medium should be 
avoided due to changes in hyphal density occurring at different concentrations of 
phosphite in different isolates making assessment of growth from colony diameter, and 
comparisons of EC50 between isolates, inaccurate. McCarren et al. (2009) noted that 
the change in hyphal density in P. cinnamomi grown on solid medium with 100 μg/ml 
phosphite, was accompanied by an increase in chlamydospore production and that 
these changes did not occur in liquid medium. The response to phosphite is more 
realistic when cultures are grown in a liquid medium and assessing the dry weights of 
the mycelia rather than using a solid medium. However, as the addition of MES can 
make such a large difference in the EC50 values, and for some species lead to a 
reversal of ranking of sensitivity for isolates in solid and liquid media, there are also 
concerns about the reliability of the results from liquid media.  Apart from stabilizing 
pH, MES may have an additional growth promotion effect. MES was initially thought 
to be metabolically inert (Bugbee and Salisbury 1985) but is now known to have a 
range of effects on plant growth (Kagenishi et al. 2016). Other buffers such as those 
studied by Good et al. (1966)  might be tested in attempt to disentangle growth 
promotion and pH stabilization.  
It is unlikely that the high tolerance to phosphite is due to the ability of some 
Phytophthora species or isolates to utilise phosphite as a source of phosphate, enen 
though this was only tested for P. inundata (Table 2.5). Phosphite is metabolised by 
some bacteria, fungi and cyanobacteria, but not by plants or oomycetes (Barchiettto 
et al. 1988; Guest and Grant 1991; Thao and Yamakawa 2009; White and Metcalf 
2007).  
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The isolates showing extremely high or low tolerance to phosphite will be of use in 
studies on the uptake and mechanism(s) of action of phosphite and the interaction of 
the effect of phosphite with phosphate and calcium levels (Griffith et al. 1993; 
Stasikowski et al. 2014). In other Phytophthora species the EC50 for reproductive 
phases such as sporangium production, zoospore release and germination is much 
lower than that for mycelium growth (Coffey and Bower 1984; Veena et al. 2010). It 
will be of interest to determine the effectiveness of phosphite against these life stages 
in the highly tolerant species identified here with an EC50 of >900 μg/ml phosphite for 
mycelial growth. 
At present, very little is known of the host range and geographical distribution of many 
of the Phytophthora species tested here as they have only rently been recognised.  
The extremely high levels of tolerance to phosphite in vitro of several of the recently 
described species may be of concern for their control using phosphite in the field, if 
this tolerance is also shown in planta. This is tested in Chapter 3.  However, sensitivity 
of Phytophthora to phosphite in vitro is likely to be poorly correlated with sensitivity in 
planta, possibly due to the higher levels of phosphate expected in plant tissues 
compared with low phosphate levels in vitro and the interaction with plant resistance 
mechanisms induced by phosphite (Bashan et al. 1990; Coffey and Young 1984; 
Guest and Grant 1991). 
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CHAPTER 3  
Pathogenicity of 21 newly described Phytophythora 




The pathogenicity of some Phytophthora species recently described from Western 
Australia, together with P. cinnamomi as a control, were tested against seven Western 
Australian native plant species in the glasshouse. Host species were Casuarina 
obesa, Banksia littoralis, B. occidentalis, B. grandis, Lambertia inermis, Corymbia 
calophylla, and Eucalyptus marginata. Twenty-two Phytophthora species were grown 
on a vermiculite, millet seed, and V8 substrate and used as soil inoculum when the 
plant hosts were approximately three months old. Pathogenicity was assessed after 6 
weeks and plants were scored for death, root damage, and percentage of reduction of 
shoot growth compared with control plants. The pathogenicity of P. cinnamomi was 
confirmed. Phytophthora niederhauserii was shown to be similar to P. cinnamomi in 
pathogenicity and of concern ecologically. Other species that killed one or more hosts 
were P. elongata, P. boodjera, P. moyootj, P. constricta and P. rosacearum, while P. 
litoralis, P. condilina, P. gregata, P. gibbosa and P. ‘personii’ caused significant 
reduction to shoot and/or root growth, but did not kill plants. Host species susceptible 
to the highest number of Phytophthora species were E. marginata, B. littoralis, B. 





Dieback caused by P. cinnamomi has been of major concern in the south west of 
Western Australia (SWWA) since it was determined as the pathogen causing ‘dieback’ 
disease and the death of native plants in the jarrah (Eucalyptus marginata) forest in 
1965 (Podger et al. 1965). It is now known to be widespread, occurring in forests, 
woodlands and heathlands in all states, and has had a major impact on biodiversity in 
these ecosystems (Wills 1993; Weste 1994; Bridgewater and Edgar 1994). It has been 
particularly devastating in Western Australia with 40 % of the 5 710 species in the 
south-west Botanical Province found to be susceptible and 14 % highly susceptible 
(Shearer et al. 2004a). The impacted areas cover regions of high biodiversity (Wills 
1993; Shearer et al. 2004a), and include many endangered species; for example, 96% 
of the species of Proteaceae rated as priority taxa are susceptible to P. cinnamomi 
(Wills and Keighery 1994). Although mainly a pathogen of woody species, P. 
cinnamomi has recently been shown to infect annuals, often asymptomatically (Crone 
et al. 2013a). 
Strategies for containment of P. cinnamomi in SWWA include physical and 
preventative strategies, and disease amelioration in infected areas through the use of 
phosphite (Shearer and Tippett 1989; Hardy et al. 1994, 2001c; Podger et al. 1996; 
Cahill et al. 2008). Since the 1980s the Vegetation Health Service under the 
Department of Biodiversity, Conservation and Attractions in Western Australia has 
detected and identified Phytophthora from samples throughout WA for mapping and 
control purposes, and built up an extensive culture collection of more than 1500 
isolates. Identification was originally based on microscopic observations, but some 
species remained unidentified until they could be discriminated using molecular 
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techniques. Molecular re-evaluation resulted in the identification of a number of new 
species (Burgess et al. 2009, 2018), most of which have now been formerly described 
(Table 3.1). Of these, P. multivora is now known to have a global distribution with a 
wide host range. Most other species are at present known only from SWWA, or have 
been detected by high throughput sequencing of eDNA but not isolated from other 
regions of Australia (Burgess et al. 2017b). Also, some species first described 
elsewhere, have now been identified as occurring in SWWA, but it is not known if they 
are endemic or introduced. We investigate here the host range of a number of these 
species (Table 3.1). 
The host range of a pathogen can initially be deduced from its recovery from dead or 
dying plants in the field, but such isolation does not unequivocally show that the 
pathogen is the primary cause of plant death, rather than a secondary invader. 
Glasshouse trials under controlled aseptic conditions are required for most accurate 
information about pathogen hosts. In the absence of information on the biology of the 
new species, it is appropriate to test their pathogenicity under conditions that are 
favorable for P. cinnamomi. Thus, pot trials may include periods of waterlogging to 
enhance zoospore dispersal and soil temperatures between 20-30ͦ C to optimise 
sporangial production (Shearer 2014).  
The aim of this study was to determine the pathogenicity of the Phytophthora species 
newly identified from natural environments in SWWA, on native woody species to 
better understand their possible ecological impact. The selection of plant hosts was 
based on known responses to P. cinnamomi and their ecological importance. 
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Materials and methods 
Host plant species 
Seven key woody plant species from the south west of Western Australia were used 
as hosts; Banksia littoralis, B. occidentalis, B. grandis, Lambetia inermis and 
Eucalyptus marginata, all of which are known to be susceptible to P. cinnamomi 
(McCredie et al. 1985; Shearer and Dillon 1995; 1996; McDougall et al. 2001; Tynan 
et al. 2001), and Corymbia calophylla (formerly E. calophylla) which is resistant except 
under temporary waterlogged conditions on mine restoration sites (Hardy et al. 1996), 
and Casuarina obesa which in the field has died in soils containing P. litoralis, P. 
inundata or P. ‘condilina’ (Barber et al. 2013). Seeds were obtained from Nindethana 
Seed Service Pty Ltd., and germinated in trays in the glasshouse. After germination of 
sufficient numbers for the experiment, plants were transferred to individual cells in 
punnets (Garden City Plastics, Canning Vale, WA, 8x90mL cells per punnet) that were 
sterilized before use. Pasteurised washed river sand was the growth medium. The 
sand was steam pasteurised for at least two hours at 650C. Sufficient germination was 
obtained in C. obesa after two weeks, in B. littoralis and B. occidentalis after three 
weeks, and for B. grandis, L. inermis, and E. marginata after four weeks. Plants were 
grown in the punnets for three months after transfer before soil inoculation. An 
exception was C. calophylla whose large seeds germinated and grew very quickly. 
This species was germinated four weeks later than the other species and sufficient 
plants were available after one week. 
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Phytophthora isolates and inoculum preparation 
Forty-one isolates of 21 species of Phytophthora (Table 3.1) were tested for 
pathogenicity to the Australian native species growing in the glasshouse. 
Phytophthora cinnamomi isolate MP94-48 was included for comparison. After 
passage through an apple, each Phytophthora species was inoculated into a flask 
prepared as follows. Four hundred mL of vermiculite substrate (1L vermiculite, 10 g 
millet [Panicum miliaceum] seeds and 600mL V8 broth) was placed into a 500 mL 
Erlenmeyer flask, sealed with non-absorbent cotton wool and covered with aluminum 
foil. The flasks were autoclaved three times at 121oC for 20 minutes over three 
consecutive days, and then inoculated on the third day once the substrate had cooled. 
Inoculum per flask consisted of one Petri dish (9 cm diameter) of V8 agar plugs 
colonized for 7 days by a Phytophthora isolate. Flasks were shaken and then placed 
in zip-lock plastic bags and incubated at a constant temperature (20oC) room in the 
dark. The flasks were shaken every 3 days in the first two weeks to evenly spread the 
inoculum. Six-week old inoculum was used to inoculate the seedlings. The inoculum 
was rinsed with deionised water to remove excess nutrients (Matheron and Mircetich, 
1985) directly before use. Colonization of the inoculum was confirmed by plating 3 g 
sub-samples onto both NARPH, a Phytophthora-selective medium (Hüberli et al. 2000;  
Simamora et al. 2018) and a Petri dish containing deionized water. These were 
incubated at room temperature and checked to ensure the viability of the inocula. The 




Table 3.1 Phytophthora species and isolates used in this study including the Genbank 
accession number for the ITS sequence data.  Provisional species names are indicated 
by quotation marks  
Clade Species Isolate Genbank  
Accession No. 
2 P. elongata3 TP13-32 MF593924 
2 P. elongata3 TP13-36 MF593925 
2 P. multivora3  TP13-04 MF593926 
2 P. multivora1  CBS124094; WAC13201 FJ237521 
4 P. arenaria2  ENA1 HQ013205 
4 P. arenaria2  CBS127950; ENA3 HQ013219 
4 P. boodjera2 CBS138637; VHS26806 KJ372244 
4 P. boodjera3 VHSC27382 KJ372242 
6 P. baylanboodja2 CBS143058; VHS25675R1  KJ372258 
6 P. baylanboodja2 VHS25675R3 KJ372259 
6 P. condilina2 CBS 143059; VHS25244  KJ372262 
6 P. condilina2 PAB11.04 KC748465 
6 P. kwonganina2 DDS3599 EU593258 
6 P. kwonganina2 CBS 143060; VHS23298 JN547636 
6 P. 'personii'2 SA278 MF326894 
6 P. 'personii'2 SLPA133; MUCC772 HQ012954 
6 P. pseudorosacearum2 CBS143061; VHS29592 KJ372267 
6 P. pseudorosacearum2 HSA2530 HQ012963 
6 P. pseudorosacearum2 VHS24266 JN547637 
6 P. asparagi2  VHS17175 EU301167 
6 P. fluvialis2  CBS129424; DH086 JF701436 
6 P. fluvialis2  DH213 JF701435 
6 P. gibbosa2  VHS22007 HQ012935 
6 P. gibbosa 2 CBS127951; VHS21998 HQ012933 
6 P. gregata 2 CBS127952; VHS21962 HQ012942 
6 P. gregata2  VHS21992 HQ012943 
6 P. inundata2  VHS15512 KJ372260 
6 P. lacustris2 HSA1959 HQ012956 
6 P. litoralis2  CBS127953; VHS20763 HQ012948 
6 P. litoralis 2 VHS17085 EU593262  
6 P. moyootj2 VHS16108 EU593259 
6 P. moyootj2 CBS138759; VHS27218 KJ372255 
6 P. rosacearum2  HSA1658 KJ372274 
6 P. rosacearum2  HSA1650 KJ372268   
6 P. rosacearum2  VHS25476 KJ372269 
6 P. thermophila2  PN42.13 MF593927 
6 P. thermophila2  CBS127954; VHS13530 EU301155 
7 P. cinnamomi1  MP94-48 JX113294 
7 P. niederhauserii1 PAB13-29 MG182635 
9 P. constricta3 CLJO695 MF593923 
9 P. constricta3 CBS125801; VHS16130 HQ13225 
1isolates used in both experiments 
2isolates only used in first experiment 
3 isolates only used in second experiment 
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Growth of plants and inoculation  
Each cell in a punnet was planted with one of the seven host plant species. The 
species were placed randomly in each punnet and a sterile 10 mL plastic tube was 
pressed into the sand in each cell to retain the space for later insertion of the inoculum. 
Plants were grown for 3 months in the punnets before inoculation (Fig. 3.1). There 
were 210 replicate punnets, and a total of 1470 plants. 
 
Fig 3.1 Plants in the punnets at the time of inoculation. Note plastic tubes that were 
removed and 3 g of vermiculite inoculum inserted into the holes at inoculation. 
At inoculation the plastic tubes were removed and 3 g of vermiculite inoculum inserted 
into the holes. Each Phytophthora isolate was inoculated into 5 punnets, each punnet 
being considered a replicate. Five punnets were inoculated with sterile vermiculite as 
controls. The punnets were then flooded for 24 hours so that water reached the surface 
of the soil. The flooding was repeated every two weeks. Punnets were arranged in a 
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randomised complete block design in an evaporatively cooled glasshouse at Murdoch 
University. The trial was conducted in 2015 between June and Novmber; after 
inoculation the mean maximum and minimum temperatures were 29.8oC and 16.8oC, 
respectively. Plants were watered daily with deionised water and fertilised weekly with 
2g/5L of Thrive® (Yates Company, Australia). The experiment was repeated for P. 
cinnamomi, P. neiderhauserii, and P. multivora (CBS124094). In the repeat 
experiment two isolates of P. constricta, P. elongata and one isolate of P. multivora 
(TP13-04) and P. boodjera (VHSC27382) that were not included in the first experiment 
were also used (Table 3.1). 
Assessment of host plants at harvest and re-isolation of Phytophthora 
Plant heights were measured at the time of inoculation, then again after six weeks 
when they were harvested. Banksia grandis at this stage of growth has a rosette of 
leaves so no shoot height was recorded. Shoot growth was expressed as the 
percentage increase in height from time of inoculation (time zero) to time of harvest. 
The impact of inoculation was assessed by expressing the difference between shoot 
growth of inoculated plants and control plants as a percentage of growth of control 
plants. The values were grouped in categories 0-20%, 21-40%, 41-60% and 61-80% 
reduction. In some cases, mean growth of shoots of inoculated plants was greater 
than that of the controls but in no case was the difference statistically significant so 
these data were included in the 0-20% group.The plants were removed from their 
punnets, sand was gently rinsed from the roots with tap water, and the plants blotted 
dry with paper towels. Plant deaths were recorded and a root disease score estimated 
for each plant. The disease score was 1 for 1-25% roots brown, 2 for 26-50% roots 
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dark brown, 3 for 51-75% roots dark brown, 4 for 76-100% roots dark brown or black 
(Fig. 3.2). 
Re-isolation of Phytophthora was attempted from lesioned regions of plant roots. 
Roots were sterilized for 1min in 70% ethanol, followed by three washes in sterile 
water, blotted dry on sterile filter paper, and cut into 1cm segments and placed onto 
Phytophthora selective medium (NARPH).  
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Fig 3.2 Illustration of the root seedlings inoculated with various Phytophthora species 
with examples of root damage rated on the scale 1 to 4 Left to Right, 1= no damage, 4= 




The percentage increases in height of infected compared with control plants for the 
different Phytophthora isolates were analysed by One-way analysis of variance 
(ANOVA) using LSD test (Honestly Significant Difference) as a post-hoc test that was 
performed in SPSS (SPSS software package version 17.0 developed by SPSS Inc., 
Chicago, USA). Differences at P<0.05 were considered significant. The ranked root 
disease scores were analyzed by Mann-Whitney U Test for each Phytophthora isolate 
on each host species. Comparison of results for species common to trial 1 and 2 were 
performed by a Factorial Analysis of Variance (ANOVA) and it was determined there 
was no interaction between the experiment and treatment. For each plant species, a 
One-way ANOVA was applied to each experiment and the experiment mean, and as 
no significant differences were found between the two experiments, the data 
presented are the bulked data from both experiments. 
 
Results 
At the end of the experiment all control plant shoots were healthy and there were no 
deaths amongst control plants. Variable amounts of brown roots were observed on 
control plants but no Phytophthora was isolated from any control plant. Phytophthora 
was re-isolated from the roots of many inoculated species that showed no significant 
increase in root damage, or decrease in shoot growth compared with controls. The 
average data for percent growth increment post inoculation and mean root damage 
score are provided in Tables S3.2 and S3.3, respectively, and illustrated in Figs 3.3 
and 3.4, respectively. 
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Eucalyptus marginata 
After 4 weeks, two plants inoculated with each of the P. boodjera isolates (CBS138637 
and VHS27382) died and one from inoculation with P. rosacearum (HSA1658). Two 
plants inoculated with P. elongata (TP13-36) died (weeks 3 and 6), three plants with 
P. elongata (TP13-32) (weeks 5 and 6) and one inoculated with P. constricta 
(CLJO695) died (week 5).  
There were significant (P<0.05) differences in the reduction in shoot growth between 
controls and inoculated E. marginata plants for most Phytophthora isolates, with the 
exception of P. multivora (TP13-04 and CBS124094), P. kwongonina (CBS143060), 
P. asparagi (VHS17175), P. gregata (CBS127951 and VHS21992) and P. constricta 
(CLJO695 and CBS125801) (Fig. 3.3). On average, P. boodjera caused the greatest 
reduction of shoot growth (Table S3.2). 
At the end of the trial, root disease scores were lowest in the non-inoculated controls 
and significantly (P<0.05) higher for inoculated plants. except those inoculated with P. 
asparagi (VHS17175), P. pseudorosacearum (VHS24266), P. fluvialis (CBS129424), 
P. gregata (CBS127952) and P. lacustris (HSA1959). All Phytophthora species, 
except P. asparagi, were re-isolated from fine roots of infected E. marginata (Fig. 3.4).  
Corymbia calophylla 
No plants died and shoots all appeared healthy at harvest. However, shoot height was 
significantly reduced for P. boodjera (CBS138637), P. baylanboodja (CBS143058), P. 
‘personii' (SLPA133), P. pseudorosacearum (VHS24266), P. gregata (CBS127952), 
P. lacustris, P. litoralis (VHS17085), P. moyootj (VHS16108), P. rosacearum 
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(HSA1658 and HSA1650), and P. thermophila (PN42.13 and CBS127954) compared 
to control plants (Fig. 3.3). 
Additionally, some Phytophthora isolates caused significant (P<0.05) root damage: P. 
elongata (TP13-32, TP13-36), P. arenaria (CBS125800, CBS125950), P. 
pseudorosacearum (HSA2530, CBS143061), P. gibbosa (VHS22007 and 
CBS127951), P. inundata (VHS15512), P. litoralis (CBS127953, VHS17085), P. 
rosacearum (HSA1658, VHS25476), and P. thermophila (PN42.13) (Fig. 3.4). While, 
Corymbia calophylla was tolerant to many Phytophthora species, Phytophthora 
species were re-isolated from the roots except from plants infected with P. kwonganina 
(CBS143060), P. asparagi (VHS17175), P. gregata (CBS127952), and P. moyootj 
(VHS16108 and CBS138759) (Fig. 3.4). 
Bankisia occidentalis 
Four plants died after inoculation with P. cinnamomi (MP98-48) (three after 3 weeks 
and further one after 4 weeks), and four infested with P. niederhauserii isolate (PAB13-
29) (two after 3 weeks and two after 4 weeks). 
Based on root disease scores P. cinnamomi and P. niederhauserii caused the most 
damage to roots with mean scores of 3.60 (Table S3.3). Other Phytophthora species 
that caused a significant impact on roots were P. multivora (CBS124094), P. arenaria 
(CBS125800, CBS127950), P. boodjera (CBS138637), P. baylanboodja 
(CBS143058), P. condilina isolates (CBS143059 and PAB11.04), P. fluvialis 
(CBS129424, DH213), P. gibbosa (VHS22007, CBS127951), P. gregata (VHS21992), 
P. lacustris, P. rosacearum (VHS25476), and P. thermophila (PN42.13, CBS127954) 
(Fig. 3.4).  The root damage was reflected by a reduction of shoot growth for many of 
the Phytophthora species (Fig. 3.3).    
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Banksia littoralis   
One B. littoralis plant inoculated with P. niederhauserii (PAB13-29) and one from P. 
cinnamomi died (weeks 4 and 5, respectively), and one plant inoculated with P. 
moyootj (HS16108) died (week 5) and another one had yellow leaves. The reduction 
in shoot growth was significant (P≤ 0.05) for P. arenaria (CBS127950), P. boodjera 
(CBS138637), P. baylanboodja (CBS143058, VHS25675R3), P. condilina 
(CBS143059, PAB11.04), P. 'personii' (SA278, SLPA133), P. pseudorosacearum 
(CBS143061, HSA2530), P. fluvialis (CBS129424, DH213), P. gibbosa (VHS22007, 
CBS127951), P. gregata (CBS127952), P. inundata (VHS15512), P. litoralis 
(CBS127953, VHS17085), P. moyootj (VHS16108), P. rosacearum (HSA1650, 
VHS25476), P. thermophila (CBS127954), P. cinnamomi (MP94-48), P. 
niederhauserii (PAB13-29) compared to controls (Table S3.3). 
Root disease scores were significantly higher than the controls for P. multivora (TP13-
04, CBS124094), P. arenaria (CBS127950), P. baylanboodja (CBS143058, 
VHS25675R3), P. condilina (CBS143059, PAB11.04), P. kwonganina (DDS3599, 
CBS 143060), P. pseudorosacearum (HSA2530), P. fluvialis (DH213), P. gibbosa 
(CBS127951), P. inundata (VHS15512), P. litoralis (CBS127953), P. moyootj 
(VHS16108, CBS138759), P. rosacearum (VHS25476), P. thermophila (PN42.13, 
CBS127954), P. cinnamomi (MP94-48), P. niederhauserii (PAB13-29), and P. 
constricta (CBS125801) (Fig. 3.4). Additionally, other Phytophthora isolates were re-
isolated from the roots that did not show damage (Fig. 3.4) 
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Banksia grandis  
During the trial, three plants died when inoculated with P. niederhauserii (weeks 3 and 
5), and one plant died inoculated with P. cinnamomi (week 4), two further plants 
inoculated with P. cinnamomi developed symptoms such as yellowing and loss of 
foliage (Fig. 3.2). The shoot height of B. grandis could not be determined because the 
growth form is a rosette. Most Phytophthora isolates resulted in significant (P≤ 0.05) 
root damage and were re-isolated from the roots (Fig. 3.4). P. elongata, P. boodjera, 
P. kwongonina, P. asparagi and P. inundata were not pathogenic even if they were 
recovered from the roots. On average, P. niederhauserii caused the highest root 
damage score of 4, while those with P. cinnamomi were rated at 2.60 (Table S3.3).  
Lambertia inermis  
Four plants died after inoculation with P. cinnamomi (weeks 3 and 4), and three 
inoculated with P. niederhauserii (weeks 3 and 4). Shoot growth was significantly 
(P<0.05) less for plants inoculated with P. cinnamomi and P. niederhauserii and with 
some Phytophthora isolates which caused no visible root damage (Fig. 3.4): P. 
arenaria (CBS127950), P. boodjera (CBS138637), P. baylanboodja (VHS25675R3), 
P. pseudorosacearum (HSA2530 and VHS24266), P. fluvialis (DH213), P. gibbosa 
(VHS22007 and CBS127951), P. gregata (CBS127952), P. inundata (VHS15512), P. 
lacustris (HSA1959), P. litoralis (CBS127953), P. rosacearum (HSA1658), and P. 
thermophila (CBS127954). Root disease scores were significantly (P<0.05) higher for 
plants inoculated with P. cinnamomi (MP94-48), P. niederhauserii (PAB13-29), and P. 
multivora (TP13-04), but there was no significant root damage from the other 




Phytophthora cinnamomi (MP94-48) and P. niederhauserii (PAB13-29) were the most 
pathogenic toward Casuarina. Three plants inoculated with P. cinnamomi and one 
from the P. niederhauserii (PAB13-29) died (weeks 3, and 4, respectively). From all 
dead plants, the respective Phytophthora species were recovered from necrotic 
lesions at the base of the stem. On average, P. cinnamomi caused the greatest 
reduction of shoot height (Table S3.2), although several other species also caused 
significant reduction in shoot growth; P. multivora (CBS124094), P. arenaria 
(CBS127950), P. baylanboodja (CBS143058), P. ‘personii’ (SLPA133), P. 
pseudorosacearum (HSA2530, VHS24266), P. inundata (VHS15512), P. moyootj 
(VHS16108), P. rosacearum (HSA1658, VHS25476), P. thermophila (PN42.13, 
CBS127954) and P. niederhauserii (PAB13-29). 
Root disease scores were significantly (P<0.05) higher in infected plants than in the 
non-inoculated controls for P. cinnamomi and P. niederhauserii (PAB13-29), P. 
baylanboodja (CBS143058), P. condilina (CBS143059, PAB11.04), and P. fluvialis 
(DH213) (Fig. 3.4). Although there were lesions in small lateral roots from which 
Phytophthora could be re-isolated, there was no difference between root disease 
scores of control and inoculated plants for most of the Phytophthora species. 
Casuarina was the only host from which P. asparagi was re-isolated from roots, but 
these roots were healthy and no damage to shoot or root growth was recorded. 
Fig. 3.3 (next page)  Percentage reduction in shoot height of infected plants compared 
with controls, displayed as colours graded from light (least reduction) to dark (most 
reduction). Data are based on means from five replicates for each host pathogen 
combination except for P. cinnamomi (MP94-48), P. neiderhauserii (PAB13-19) and P. 
multivora (CBS124094) in which data from the two trials were combined giving ten 
replicates. Combinations in which one or more plants died are shown with a black 
border, and an asterisk indicates those in which the growth was significantly (P≤ 0.05) 
different to the controls  
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2 P. elongata TP13-32 *           
2 P. elongata TP13-36 *           
2 P. multivora  TP13-04             
2 P. multivora CBS124094     *     * 
4 P. arenaria  CBS125800 *   *     * 
4 P. arenaria  CBS127950 *   * * *   
4 P. boodjera CBS138637 * * * * * * 
4 P. boodjera VHS27382 *           
6 P. baylanboodja CBS143058 * *   *   * 
6 P. baylanboodja VHS25675R3 *   * * *   
6 P. condilina CBS143059 *   * *     
6 P. condilina PAB11.04 *     *     
6 P. kwonganina DDS3599 *   *       
6 P. kwonganina CBS143060     *        
6 P. ‘personii’ SA278 *   * *     
6 P. ‘personii' SLPA133 * *   *   * 
6 P. pseudorosacearum CBS143061 *   * *     
6 P. pseudorosacearum HSA2530 *   * * * * 
6 P. pseudorosacearum VHS24266 * *     * * 
6 P. asparagi  VHS17175         *   
6 P. fluvialis  CBS129424     * *     
6 P. fluvialis  DH213 *   * * *   
6 P. gibbosa  VHS22007 *   * * *   
6 P. gibbosa  CBS127951 *   * * *   
6 P. gregata  CBS127952     * * *   
6 P. gregata  VHS21992   *         
6 P. inundata  VHS15512 *   * * * * 
6 P. lacustris HSA1959 * *     *   
6 P. litoralis  CBS127953 *   * * *   
6 P. litoralis  VHS17085 * * * *     
6 P. moyootj VHS16108 * * * *   * 
6 P. moyootj CBS138759 *           
6 P. rosacearum  HSA1658 * * *   * * 
6 P. rosacearum  HSA1650 * *   *     
6 P. rosacearum  VHS25476 *     *   * 
6 P. thermophila  PN42.13 * *       * 
6 P. thermophila  CBS127954 * * * * * * 
7 P. cinnamomi  MP94-48 *   * * * * 
7 P. niederhauserii PAB13-29 *   * * * * 
9 P. constricta CLJO695             
9 P. constricta CBS125801             
Percentage reduction of shoot height  0-20 21-40 41-60 61-80   
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2 P. elongata TP13-32 *    + *    +       +       +         +   
2 P. elongata TP13-36 *    + *    +       +       +         +   
2 P. multivora  TP13-04 *    +       +       + *    + *    + *    +       + 
2 P. multivora  CBS124094 *    +       + *    + *    + *    +       +   
4 P. arenaria  CBS125800 *    + *    + *    +       + *    +       +   
4 P. arenaria  CBS127950 *    + *    + *    + *    + *    +       +   
4 P. boodjera CBS138637 *    +       + *    +       +       +       +   
4 P. boodjera VHS27382 *    +       +       +       +       +       +       + 
6 P. baylanboodja CBS143058 *    +       + *    + *    + *    +       + *    + 
6 P. baylanboodja VHS25675R3 *    +       +       + *    + *    +       +       + 
6 P. condilina CBS143059 *    +       + *    + *    + *    +       + *    + 
6 P. condilina PAB11.04 *    +       + *    + *    + *    +   *    + 
6 P. kwonganina DDS3599 *    +       +       + *    +       +       +       + 
6 P. kwonganina CBS143060 *    +     *    +       +       +       + 
6 P. ‘personii’ SA278 *    +       +       +   *    +       +       + 
6 P. ‘personii’ SLPA133 *    +       +       +       + *    +       +       + 
6 P. pseudorosacearum CBS143061 *    +       +       +   *    +       +   
6 P. pseudorosacearum HSA2530 *    + *    +   *    +       
6 P. pseudorosacearum VHS24266       + *    +         + *    +       +   
6 P. asparagi  VHS17175                   + 
6 P. fluvialis  CBS129424       +       + *    +   *    +       +       + 
6 P. fluvialis  DH213 *    +       + *    + *    +       +   *    + 
6 P. gibbosa  VHS22007 *    + *    + *    +   *    +         + 
6 P. gibbosa  CBS127951 *    + *    + *    + *    + *    +     
6 P. gregata  CBS127952       +         +       + *       +       + 
6 P. gregata  VHS21992 *    +       + *    +   *    +       +       + 
6 P. inundata  VHS15512 *    + *    +       + *    +       +       +   
6 P. lacustris HSA1959       +       + *    +           +       + 
6 P. litoralis  CBS127953 *    + *    +       +   *    +         + 
6 P. litoralis  VHS17085 *    + *    +   *    + *    +     
6 P. moyootj VHS16108 *    +     *    + *    +     
6 P. moyootj CBS138759 *    +     *    + *    +     
6 P. rosacearum  HSA1658 *    + *    +       +       + *    +       +       + 
6 P. rosacearum  HSA1650 *    +       +       +       + *    +         + 
6 P. rosacearum  VHS25476 *    + *    + *    + *    + *    +       +       + 
6 P. thermophila  PN42.13 *    + *    + *    + *    + *    +         + 
6 P. thermophila  CBS127954 *    +       + *    + *    + *    +       +   
7 P. cinnamomi  MP94-48 *    +       + *    + *    + *    + *    + *    + 
7 P. niederhauserii PAB13-29 *    +       + *    + *    + *    + *    + *    + 
9 P. constricta CLJO695 *    +       +       +       +         +       + 
9 P. constricta CBS125801 *    +       +       + *    + *    +       +       + 





Pathogenicity trials of 21 Phytophthora species isolated from natural ecosystems in 
SWWA were conducted for the first time on seven key West Australian woody species. 
Known pathogenicity of P. cinnamomi was confirmed. Phytophthora niederhauserii 
from Clade 7 damaged shoots and roots of all species tested except C. calophylla, 
and killed the same species as P. cinnamomi (also a Clade 7 species), supporting 
previous data showing it has a wide host range including horticultural species and 
gymnosperms (Abad et al. 2014). The reported host range for P. niederhauserii 
includes over 33 plant species in 25 families, and strongly suggests that the species 
is a polyphagous pathogen emerging from nurseries of ornamental plants in Europe, 
USA, Australia and possibly other parts of the world (Abad et al. 2014). It was 
discovered in fruit tree nurseries in Spain and Turkey (Perez-Sierra et al. 2010; 
Kurbetli and Degirmenci 2011), and is reported from many other countries including 
Italy, Hungary and Norway (Abad et al. 2014). In Australia, P. niederhauserii has been 
detected on imported nursery plants in the Northern Territory and Western Australia 
(Davison et al. 2006). Further trials of this species are necessary, as it appears to be 
of concern for horticulture, silviculture and natural ecosystems. 
 
 
Fig. 3.4 (previous page). Root disease damage scores expressed as colours graded 
from light (least damage) to dark (most damage). Data are based on means from five 
replicates for each host pathogen combination except for P. cinnamomi (MP94-48), P. 
neiderhauserii (PAB13-19) and P. multivora (CBS124094) in which data from the two 
trials were combined giving ten replicates. Combinations in which one or more plants 
died are shown with a black border, and an asterisk indicates those in which the root 
damage was significantly (P≤ 0.05) different to the controls. ‘+’ indicates that 
Phytophthora was re-isolated from the host roots . 
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Other Phytophthora species that killed host plants include P. elongata, confirming 
earlier reports that it killed E. marginata, but there was no reduction in shoot growth of 
C. calophylla, in contrast to results obtained by Rea et al. (2010). P. elongata had little 
effect on the other host species tested here, although a wide range of species was 
thought to be susceptible from previous field and glasshouse observations (Rea et al. 
2010). Phytophthora boodjera killed E. marginata  and one isolate caused  significant 
reduction in shoot height in all species. It has previously been shown to be a pre- and 
post-emergent pathogen for seedlings of several Eucalyptus species (Simamora et al. 
2017, 2018). Phytophthora moyootj, for which there was no previous information on 
host range, caused significant shoot and/or root damage to all species except 
Lambertia and killed B. littoralis. Phytophthora rosacearum which is known to be an 
important pathogen of rosaceous fruit trees (Hansen et al. 2009), reduced shoot height 
for all species and killed E. marginata. Phytophthora constricta which is known to be 
pathogenic to Banksia spp. (Rea et al. 2011), killed E. marginata in this trial but caused 
little root damage, and no significant reduction in shoot damage in the other species, 
including the Banksia species. 
However, many of the Phytophthora species tested here under glasshouse 
conditions, did not appear to be as aggressive, or widely pathogenic as might have 
been expected from the field observations, or data from species exotic to Australia. 
The damage to shoot and root health however suggests more deaths may have 
resulted if the trial had continued longer. Future experiments should provide a larger 
soil volume to allow for longer trials and include the responses of inoculated plants to 
periods of waterlogging or drought stress to simulate the stresses  normally 
occurring during the long, hot and dry Mediterranean summers in SWWA with 
occasional thunderstorms.  
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The majority of the new Phytophthora species tested here were from Clade 6. This 
Clade includes many species from aquatic or riparian habitats, and ones that are 
efficient saprotrophs. However, a number of Clade 6 species are pathogens of 
European forest species (Brasier et al., 2003 a,b, Jung et al., 2011), and in this trial P. 
rosacearum and P. moyootj from Clade 6 species killed a host species, while P. 
‘personii’, P gibbosa, P. gregata, P. inundata, P. litoralis and P. condilina caused 
significant reduction of shoot growth or an increase in root damage of some hosts, 
suggesting that the Clade contains many pathogens. Although P. litoralis and P. 
inundata have been isolated in the field associated with dying C. obesa (Barber et al., 
2013, Burgess et al., 2017b), under controlled glasshouse conditions the only impact 
on Casuarina was a reduction on shoot growth by P. inundata. 
All the Phytophthora species except P. asparagi were able to infect most of the seven 
host species tested. However, the under well-watered glasshouse conditions the host 
response limited damage. The new pathogen of major concern for both commercial 
species and those in natural ecosystems is P. niederhauserii. More research is needed 
to determine the host range for P. elongata, P. boodjera, P. moyootji, P. rosacearum 
and P. constricta which were observed observed to kill one or more host species. 
Future trials should be run for longer than six weeks and include drought stress and/or 
waterlogging stress to mimic conditions that are normally observed in Mediterranean-
type ecosystems. Some of the new species are thought to be endemic to Australia 




Phosphite and disease management for some new 




The efficacy of spraying plants with 0.5% phosphite seven days before soil inoculation 
with Phytophthora was assessed for eight-month old  E. marginata, B. occidentalis, B. 
littoralis and Lambertia inermis subsp. inermis. Impact of phosphite spray on non-
infected plants, and of infection on sprayed and unsprayed plants was assessed for 
plant growth four months after inoculation. No sprayed plants died, but P. cinnamomi 
and P. neiderhauserii killed at least one plant of all unsprayed host species, except B. 
littoralis, while plants of E. marginata were also killed by P. elongata, P. multivora and 
P. boodjera and P. constricta. For P. multivora, P. arenaria, P. boodjera, P. 
rosacearum and P. constricta for one or more host species, the reduction of shoot 
and/or root growth caused by the pathogen was not eliminated by spraying plants with 
phosphite. For L. inermis subsp. inermis phosphite did not prevent a reduction in root 
volume for plants infected with any Phytophthora species. Phytophthora  thermophila 
and P. gibbosa caused little damage to hosts and phosphite spray reduced any 
damage. Phosphite efficacy was also assessed through underbark inoculation of 
Eucalyptus marginata and B. occidentalis with Phytophthora cinnamomi and P. 
niederhauserii. Lesions did not extended beyond the inoculation point in plants 
sprayed with phosphite, while significant lesions were present on unsprayed plants. 
There was no correlation between the Phytophthora species level of tolerance of 
phosphite in vitro and its response to phosphite sprayed plants.  
Introduction 
Phosphite has been used to effectively manage disease caused by Phytophthora 
cinnamomi in many crops, forests and natural ecosystems. In Western Australia, 
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extensive research has shown that phosphite has wide spread applicability for the 
management of P. cinnamomi in natural ecosystems (eg. Komorek et al.. 1997; 
Shearer and Fairman 1997) and that it is most effective as a preventative tool (Hardy 
et al. 2001a). Although it can be applied as a soil drench or trunk injection, the foliar 
application of phosphite is commonly used for reducing the impact of P. cinnamomi in 
native plant communities. It can be applied from light aircraft, or on the ground from 
backpack sprayers. Applied at 5 and 10 g L-1 phosphite with 2.5 g L-1 synetrol oil as a 
sticking agent, it controls P. cinnamomi in plant tissues for between 5 and 24 months 
in different plant communities (Hardy et al. 2001a; Tynan et al. 2001). Trunk injections 
are effective for longer than foliar applications, persisting several years, depending on 
the species (Shearer and Fairman 2007). At recommended rates, phosphite does not 
have any beneficial effect on the growth of healthy plants and it has low phytotoxicity 
on most species. However, there are  differences between the degree of disease 
reduction of the pathogen in different species, and occasional reports of damage 
including burning of foliage and fruits (Lucas et al. 1979; Walker 1989; Wellings et al. 
1990; Walker 1991, Barrett et al. 2004), growth abnormalities or reduced reproductive 
capacity (Hardy et al. 2001a; Fairbanks et al. 2001, 2002a, b). 
Phosphite is translocated in both the phloem and xylem after being taken up though 
roots, stems, leaves or flowers and inhibits but does not kill the pathogen (Ouimette 
and Coffey 1990, Hardy et al. 2001a). It can prevent hyphal invasion of tissues and 
reduce zoospore production (Wilkinson et al. 2001b). Phosphite may act either directly 
on the pathogen (Fenn and Coffey 1984; Cohen and Coffey 1986; Dolan and Coffey 
1988), or indirectly by stimulating host defences (Jackson et al. 2000, Dunstan et al. 
1990; Guest and Bompeix 1990; Guest and Grant 1991) or by both modes of action 
(Smillie et al. 1989; Grant et al. 1990). Concentrations of phosphite in the plant may 
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determine which mode of action is of greater importance (Afek and Sztejnberg 1989).  
Both direct and indirect modes of action may occur depending on the time interval 
between phosphite application and inoculation, the concentration of phosphite applied, 
its movement between roots and shoots and the tolerance of host and pathogen to 
phosphite (Jackson et al. 2000).  
A number of new Phytophthora species have been described recently, from regions 
where previously it was thought that plant deaths were due to only P. cinnamomi 
(Burgess et al. 2018) (Table 4.1). Several of the newly described species can cause 
death, significant root damage or reduction in shoot growth of some woody host 
species from the southwest of Western Australia (Belhaj et al. 2018). It has also been 
shown that the newly described species vary in their resistance to phosphite in vitro 
(Chapter 2). However, it is known that the response of Phytophthora to phosphite in 
vitro and in planta may be different (Fenn and Coffey 1985; Dolan and Coffey 1988; 
Guest and Grant 1991; Hardy et al. 2001b).  
The aim of this study was to examine the ability of phosphite to prevent disease 
development following inoculation of four woody host species with a selection of the 
new Phytophthora species and to compare the results to the effects on P. cinnamomi. 
One or two isolates of each of ten new Phytophthora species were chosen on the 
basis of their pathogenicity in a glasshouse trial (Belhaj et al. 2018) and to span a 
range of phosphite tolerance previously determined from in vitro studies. The host 
species used were Eucalyptus marginata, Banksia occidentalis and B. littoralis in 
which phosphite treatment prevents disease from P. cinnamomi infection (Shearer et 
al. 2006), and Lambertia inermis subsp. inermis in which phosphite has been reported 
to be ineffective (Shearer and Crane 2012). 
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 Materials and methods  
Two experiments were conducted to determine whether the foliar application of 
phosphite protected susceptible host species from damage by various Phytophthora 
species after soil inoculation (experiment 1), or underbark inoculation of stems 
(experiment 2). 
Biological material 
Seeds of Banksia littoralis, B. occidentalis, Lambetia inermis subsp. inermis and 
Eucalyptus marginata were obtained from Nindethana Seed Service Pty Ltd. (King 
River, Western Australia), and germinated in trays in the glasshouse. After 
germination, plants were transferred to individual sterile 12 cm diameter free-draining 
polyurethane pots containing river sand that had been steam pasteurised for at least 
two hours at 650C.  
Phytophthora isolates and inoculum preparation 
The ability of phosphite to control disease development by ten Phytophthora species 
(Table 4.1) was tested using four native host species under evaporatively cooled 
glasshouse conditions. Phytophthora cinnamomi isolate MP94-48 was included for 
comparison as a positive control. The Phytophthora isolates were passed through an 





Table 4.1 Isolates of Phytophthora species used, and details of their isolation and 
location. The EC50 to phosphite in liquid medium in vitro as determined in Chapter 2 is 
also shown.  




P. constricta CBS125801 30 Unknown National Park, WA 
P. cinnamomi MP 94-48 260 Eucalyptus marginata Willowdale, WA 
P. neiderhauserii PAB13-29 270 Banksia prionotes Lancelin, WA 
P. boodjera CBS138637 300 Unknown Tincurrin, WA 
P. arenaria CBS127950 225 E. polycephala Eneabba, WA 
P. elongate TP13-36 550 Corymbia calophylla Darradup, WA 
P. multivora TP13-04 130 C. calophylla Williams, WA 
P. thermophile PN42.13 240 Water tank Tincurrin, WA 
P. gibbosa CBS127951 >900 Acacia pycnantha   Scott River, WA 
P. rosacearum A VHS25476 250 B. repens  Wellstead, WA 
P. rosacearum B HSA1658 315 Native vegetation  Cooljarloo, WA 
aWA; Western Australia  
Six-week old inoculum was used. Just before use it was rinsed with deionised water 
to remove excess nutrients (Matheron and Mircetich, 1985). Colonization of the 
inoculum was confirmed by plating 3 g sub-samples onto NARPH, a Phytophthora-
selective medium (Simamora et al. 2017). These were incubated at room temperature 
and checked to ensure the viability of the inocula. 
Phosphite treatment  
For both experiments, the phosphite solution was prepared using a commercially 
available phosphite (Agri-Fos 600, Agrichem, Yatala, Queensland, Australia), from a 
600 g/L stock solution. Phosphite together with the adjuvant BS1000 (Crop Care 
Australasia Pty Ltd) at 130 µl/L was applied to the plants as a foliar spray to runoff at 




Experiment 1: The effect of phosphite on plant growth following soil 
inoculation with the newly described Phytophthora species.  
Each pot was planted with one host plant species, and two sterile 10 mL plastic tubes 
were pressed into the sand in each container to retain space for later insertion of the 
inoculum. Plants were grown for 8 months in these pots before phosphite application 
and soil inoculation (Fig. 4.1). Phosphite was applied 7 days before soil infestation. 
The soil was covered with plastic to prevent phosphite leaching into it. For each host 
species 5 plants were sprayed with phosphite and 5 left unsprayed. These were for 
comparison with plants from all infection treatments. For each Phytophthora species 
and host combination, 5 plants were treated with phosphite and 5 were not treated. At 
inoculation, the plastic tubes were removed and 13 g of vermiculite inoculum inserted 
into the holes. The non-infested plants were given the same weight of non-inoculated 
vermiculite. In order to stimulate the production of sporangia and the release of 
zoospores from the inoculum source, the pots were flooded with deionised water for 
24 hours immediately after inoculation. Flooding (for 12 hours) was repeated four 
times at two week intervals. Pots were arranged in a randomised complete block 
design in the glasshouse at Murdoch University. The potting substrate was river sand 
that had been steam pasteurised for at least two hours at 65°C. Plants were watered 
daily with deionised water and fertilised weekly with 2 g/5L of Thrive® (Yates 
Company, Australia). The trial was conducted in 2016 between January to December. 
In the four-month period between inoculation and harvest the mean maximum and 
minimum temperatures were 32oC and 16oC, respectively. 
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Fig. 4.1 Plants at inoculation time 
Plant deaths were recorded and heights were measured at the time of inoculation, and 
four months after inoculation, immediately prior to harvest. At harvest the shoot of each 
surviving plant was cut off,  placed in a paper bag, dried at 37oC for 20 days then 
weighed. Shoot growth was expressed as the percentage increase in height from time 
of inoculation (time zero) to time of harvest and from shoot dry weight. Sand was gently 
rinsed from the roots with tap water, and roots blotted dry with paper towels. Roots 
were scored for damage using the 1-4 scale (1 for 1-25% roots brown, 2 for 26-50% 
roots dark brown, 3 for 51-75% roots dark brown 4 for 76-100% roots dark brown and 
black (as described in Belhaj et al. 2018). Roots volumes were estimated from the 
volume of displaced water in a measuring cylinder. Data from dead plants were not 
included in the assessment of shoot dry weight or root volume. Re-isolation of 
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Phytophthora was attempted from dead plants at the time of death, and from lesioned 
regions of roots from a sample of plants from each host/Phytophthora combination at 
the final harvest. Roots were blotted dry on sterile filter paper, and cut into 1cm 
segments and placed onto Phytophthora selective medium (NARPH). . 
Experiment 2: The effect of phosphite on lesion development after underbark 
inoculation of stems of B. occidentalis and E. marginata with P. cinnamomi 
and P. neiderhauserii. 
 After germination, individual seedlings were transferred to 150 mm-diameter, free-
draining pots containing river sand and plants were fertilised as for experiment 1.. 
Plants were grown for 18 months in the pots before phosphite application and 
inoculation. The experiment was a complete randomised design. Plants were sprayed 
with 0 (control), or 0.5% phosphite to run-off to the plant foliage with a hand sprayer 
and the soil was covered with plastic to prevent phosphite leaching into it. Thirty days 
after spray application plants were underbark inoculated with P. cinnamomi, or P. 
niederhauserii using an agar plug (9-mm diameter) colonised with the Phytophthora 
species grown for 5 days on V8 agar medium. In non-infected plants a sterile agar 
plug was inserted into the stem wound. At the time of inoculation, the stem diameters 
were between 4.4 and 9.5 mm for B. occidentalis and between 4.0 and 8.6 mm in 
diameter for E. marginata. Briefly, an excision was made in the plant stem 10 cm above 
the soil surface with a scalpel through the periderm to the phloem in an upward 
movement and the plug inserted into the wound in contact with the phloem with the 
mycelium facing the stem. The wound was wrapped with Parafilm (American National 
Can Chicago IL) to prevent desiccation. Temperatures during the 7-week period 
between inoculation in June and harvest in July 2017 were mean maximum 30oC and 
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mean minimum 12oC. In E. marginata there were 12 plants for each Phytophthora 
species, with 6 replicate plants inoculated and unsprayed, and 6 replicate plants 
treated with phosphite and inoculated with a Phytophthora species. For B. occidentalis 
the treatments were the same as for E. marginata, except there were 7 replicates for 
each treatment combination. 
Seven weeks after inoculation, lesion size was determined after bark was carefully 
scraped from the lesion margins above and below the point of inoculation, and to each 
side of the inoculation point. The lesions were verified to be caused by the 
Phytophthora species by plating pieces of tissue at the lesion margin and from 3cm 
above lesion onto Phytophthora selected medium (NARPH).  
Statistical analysis 
In experiment 1 a separate 1-way ANOVA was run for each of the dependent 
variables: shoot height, shoot dry weight and root volume. The effect of phosphite and 
inoculation with the various Phytophthora was assessed by comparing growth data 
from the unsprayed non-infected plants with that from the unsprayed infected plants, 
and then the results from the phopshite-sprayed, non-infected plants with those from 
the sprayed, infected plants. The ranked root disease scores were analyzed by Mann-
Whitney U Test for each Phytophthora isolate on each host species. Data from 
experiment 2 were analysed using a repeated meaures analysis of variance. The 
Factors were: host species, Phytophthora species and treatment (with and without 
phosphite). The dependent variables were lesion length above and lesion length below 
the inoculation point. They were treated as repeated measures as they were measured 
on the same plant.  
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Results 
Experiment 1: The effect of phosphite on plant growth following soil inoculation 
with the newly described Phytophthora species.  
The data for shoot dry weight (DW) (Fig. S4.1, Fig 4.2) was more accurate than that 
for relative increase in height as for some species the plants varied considerably in the 
number of lateral branches, so that where there was no significant difference in shoot 
height a significant difference was often detected in shoot DW. Similarly, the data for 
root volume was more quantitative than the visual assessment of root damage, which 
was difficult for some species in which healthy control roots were brownish or cluster 
roots were dark in colour (Figure S4.2, Table S4.1). Consequently, the assessment of 
disease, and the effectiveness of phosphite below is based mainly on plant deaths, 
shoot DW and root volume. For all host species, no non-inoculated  plants died, and 
phosphite application did not significantly alter the shoot DW or root volume. 
Phytophthora was re-isolated from each dead plant, and at the final harvest, from one 
or more samples from each host/Phytophthora combination.  
In E. marginata, P. elongata, P. multivora, P. cinnamomi, P. niederhauserii, and P. 
constricta killed one plant in each unsprayed replicate, while P. boodjera killed two 
plants. P. elongata, P. multivora, P. arenaria, P. boodjera, P. rosacearum A, P. 
thermophile, P. cinnamomi, and P. niederhauserii all caused a significant reduction in 
shoot growth in unsprayed plants and growth of infected, phosphite-prayed plants was 
comparable to  unsprayed, non-infected plants for only P. cinnamomi, and P. 
niederhauserii (Figs.4 2, 4.3, S4.1, S4.2). All Phytophthora species except  P. 
thermophila  reduced root volume, and plants sprayed with phosphite before infection 
did not achieve similar root growth to the noni-nfected–sprayed plants in replicates 
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infected with P. multivora, P. arenaria, P. boodjera or P. rosacearum A & B. In non-
sprayed, plants infected with P. constricta the reduction of root mass was significant, 
while in non-sprayed  plants although reduced, it was not significant.  
In B. occidentalis, P. cinnamomi and P. neiderhauserii were particularly damaging, 
killing 4 and 5 of the unsprayed host plants, respectively. Shoot growth was 
significantly reduced after inoculation with P. multivora, P. arenaria . P. cinnamomi 
and P. neiderhauserii and spraying with phosphite did not restore the growth to the 
level of the non-inoculated sprayed plants for P. arenaria and P. cinnamomi. The same 
four Phytophthora species and P. boodjera also reduced root growth, which was also 
reduced in phosphite-sprayed plants infected with P. arenari (Figs 4.2, S4.1, S4.2). 
Phytotoxicity of phosphite was evident with some leaves turning completely brown.  
B. littoralis was the least affected host species and no infected plants died. Although 
unsprayed plants infected P. rosacearum A, P. gibbosa, P. cinnamomi, P. 
neiderhaiuserii and P. constricta had reduced shoot growth, phosphite spray protected 
the shoot growth. The above five Phytophthora species, together with P. boodjera and 
P. rosaceraum B reduced root growth in unsprayed plants. In sprayed plants of 
replicated infected with P. boodjera, P. rosacearum A & B or P constricta, root growth 
was not comparable to unsprayed non-infected plants (Figs. 4.2, S4.1, S 4.2).  
In Lambertia inermis subsp. inermis phytotoxicity to phosphite was observed 6 days 
after spraying when the edges of many leaves turned pale brown and dropped. By the 
end of the trial there was some recovery from phytotoxicity with new shoot growth. P. 
multivora, P. cinnamomi and P. neiderhauserii caused a reduction of shoot growth in 
unsprayed but not phosphite sprayed plants. There was significant damage to roots 
from all Phytophthora species, and root volumes of sprayed infected plants remained 
 82 
less than the sprayed non-infected plants for all Phytophthora species (Figs. 4.2, 4.3, 
S4.1, S4.2). This reduction in root volume was not reflected in visible browning of roots 
except for plants infected with P. cinnamomi and P. neiderhauserii (Table S4.1).   
.  
 
Fig. 4.2 The effect of 10 Phytophthora species on shoot DW and root volume of 4 host 
species and the effect of spraying with phosphite. White cells show combinations 
where infection did not result in a significant reduction of root or shoot growth. Light 
grey indicates combinations in which growth was reduced by infection only in 
unsprayed plants.  Plants that were sprayed before infection showed comparable 
growth to the non-infected sprayed plants. Dark grey indicates that growth of infected 
plants was reduced, and spraying with phosphite before infection did not result in 
growth comparable to the non-infected, sprayed plants.  A black border indicates that 
one or more plants were killed after infection of unsprayed hosts with Phytophthora. 
 
 








  Shoots Roots Shoots Roots Shoots Roots Shoots Roots 
2 P. elongata         
2 P. multivora         
4 P. arenaria         
4 P. boodjera         
6 P. rosacearum A         
6 P. rosacearum B         
6 P. gibbosa         
6 P. thermophila         
7 P. cinnamomi         
7 P. neiderhauserii         
9 P. constricta         
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Fig. 4.3  Comparison of size root of E. marginata, and L. inermis subsp. inermis treated 
and not-treated with phosphite, and four months after soil inoculation with a: control, 
b: P. cinnamomi, c: P. niederhauserii, d: P. boodjera, e: P. multivora. Plants were treated 
with 0.5% phosphite applied as a foliar application to runoff.  
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Experiment 2: The effect of phosphite on lesion development after underbark 
inoculation of stems of B. occidentalis and E. marginata with P. cinnamomi 
and P. neiderhauserii.  
At harvest time the wounds of non-inoculated plants  (either not treated or treated with 
phosphite) were closed with healthy tissue. Phosphite treatment completely restricted 
lesion extension of P. cinnamomi and P. niederhauserii in stems of E. marginata (Fig. 
4.4, Table S4.2). Phytophthora was reisolated only from the inoculation point. In non-  
 
Fig. 4.4 Mean lesion length (mm), (a, c above, and b, d below the inoculation point) of 
Phytophthora cinnamomi and P. niederhauserii (± SE) 7 weeks after inoculation of 
stems of Banksia occidentalis and Eucalyptus marginata untreated (-), or sprayed with 
0.5% before inoculation (+). 
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phosphite treated plants of B. occidentalis inoculated with P. cinnamomi or P. 
niederhauserii lesions were significantly longer than those in E. marginata. Phosphite 
treatment completely inhibited both pathogens with Phytophthora only reisolated from 
the inoculation point (Fig. 4.4, Table S4.2). 
Discussion 
In a previous study of the host range of a number of species of Phytophthora recently 
described from Western Australia (Chapter 3), P. neiderhauserii was identified as a 
species of concern, having a similar host range to P. cinnamomi, and from reports of 
its pathogenicity in natural and agricultural situations elsewhere in the world (Abad et 
al. 2014). In the current experiment in unsprayed plants, P. cinnamomi and P. 
neiderhauserii killed at least one host plant of all species except B. littoralis. Reduction 
of growth by P. neiderhauserii was not prevented by a foliar application of 0.5% 
phosphite for shoots and roots of E. marginata and B. littoralis, roots of B. occidentalis 
or shoots of L. inermis. It was also shown that lesion extension after wound inoculation 
of stems of E. marginata and B. occidentalis with P. neiderhauserii was inhibited in 
phosphite-sprayed plants. Other Phytophthora species shown to kill one or more host 
species in a previous trials using plants 3-months old (Belhaj et al. 2018) : P. elongata,  
P. multivora, P. boodjera and P. constricta, were shown to also kill 8-month old E. 
marginata in the current experiment. Leaving aside L. inermis for which leaf abcission 
may be a confounding issue (see below), species of Phytophthora that are of concern 
are those in which  phosphite spray did not  prevent reduction of root and/or shoot 
growth  in of one or more hosts. These  are P. multivora P. arenaria, P. boodjera, P. 
rosacearum A & B, P. cinnamomi, P. neierhauserii, and P. constricta.  More research 
is needed to determine whether this damage is sufficient to result in the death of 
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sprayed, infected plants over a longer time period. P. thermophila appeared damaging 
only for E. marginata shoot growth and may damage few hosts.  
Lamberia inermis subsp. inermis is of interest as although the roots infected with most 
species of Phytophthora appeared mostly light brown, the root volume was 
significantly reduced by the pathogens and the plants were not protected from any of 
the Phytophthora species by the phosphite spray. Shearer and Crane (2009, 2012) 
also reported that L. inermis subsp. inermis was the only one of 10 species of 
Lambertia in which phosphite did not control lesion extension of P. cinnamomi, while 
in nine other Lambertia species phosphite was effective. Shearer and Crane (2009) 
also noted phytotoxicity and leaf shedding in L. inermis after phosphite application 
(which occurred in the current trial), and commented that it could possibly be linked 
with the rapid decline in tissue concentration of phosphite after spraying. Leaf fall may 
reduce transport of photosynthates and also phosphite the from leaves and stems  to 
roots. 
The EC50 for phosphite determined in vitro in liquid medium (Fig. 2.1) bore little 
relationship to the effectiveness of phosphite when sprayed on to host plants. For 
example, P. constricta (EC50 of 30 μg/ml phosphite), reduced the root volume of E. 
marginata, B. littoralis (and L. inermis) and this was not restored in phosphite-sprayed 
plants. In contrast, where there was damage in E. marginata, B. occidentalis and B. 
littoralis from  P. gibbosa (EC50 of >900 μg//ml) or P. elongata (EC50 of 550 μg//ml) it 
was prevented by phosphite. Consequently, it is important not to assume sensitivity or 
tolerance of a Phytophthora species to phosphite in vitro will relate to how it responds 
to phosphite in planta. 
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 Although investigation of a much wider range of host species is required, this research 
indicates that amongst the recently described Phytophthora species, P. elongata,  P. 
multivora, P. boodjera, P. neiderhauserii and P. constricta are possible pathogens 
killing native woody species. Although P. neiderhauserii killed 3 of the 4 host species, 
phosphite spray protected the plants. However damage from P. multivora, P. arenaria,  
P. boodjera,  P. rosacearum and P. constricta, particularly on E. marginata and B. 







This research has contributed to knowledge of the host range and the effect of 
phosphite on a number of Phytophthora species newly identified from SWWA. These 
findings will help managers and scientists to understand which species are of most 
concern for natural ecosystems or cultivated plants in WA and elsewhere. 
Major findings and outcomes of this project  
The investigation of the effect of phosphite in vitro showed the importance of the 
protocol used for assessing tolerance (Chapter 2). As has been suggested previously 
Davison and Tay (1986) and Guest and Grant (1991), growth on solid medium results 
in an inaccurate measure of growth and data from liquid media is more reliable. The 
addition of the pH buffer MES (at 0.03M) resulted in both a small increase in growth, 
and a large increase in the EC50. Further experiments are needed to determine why it 
has these effects in addition to the stabilisation of pH. It is not correct to consider MES 
as inert metabolically as it has been shown to have a range of effects on plant growth 
(Kagenishi et al. 2016 and references therein). It is recommended that in future, in 
vitro phosphite studies should be conducted in liquid media with the addition of MES. 
The new species have a wider range of tolerance to phosphite in vitro than reported 
for any Phytophthora species previously, and can be divided into three groups (1) four 
phosphite sensitive (EC50 <70 μg/ml) species: P. asparagi, P. constricta, P. gregata, 
and P. lacustris; (2) thirteen moderately phosphite sensitive (EC50 of 80 to 550 µg/ml) 
species: P. cinnamomi, P. niederhauserii, P. boodjera, P. arenaria, P. elongata, P. 
multivora, P. litoralis, P. thermophila, P. fluvialis, P. moyootj, P. kwonganina, P. 
pseudorosacearum  and P. rosacearum; and (3) six highly phosphite tolerant (EC50 
810 - >900 µg/ml) species: P. condilina, P. baylanboodja, P. gibbosa, P. inundata, P. 
'walnut', and P. 'personii'. It is of interest that the highly phosphite tolerant species all 
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belonged to Clade 6 Subclade 1. Further experiments are needed to determine if these 
species will tolerate phosphite levels higher than 900 µg /ml phosphite. 
It is likely that different responses to phosphite concentrations in vitro are related to 
differences between the species in their uptake and translocation of phosphite rather 
than its metabolism. It was shown here that for P. inundata at least, phosphite is not 
metabolised and is not a source of phosphate for growth. It seems unlikely that 
phosphite is taken up and in some way metabolised without the phosphate becoming 
available for growth. A study of the interaction between phosphate concentration in 
the medium and phosphite toxicity for the highly tolerant Phytophthora species may 
be informative. It is known that for several Phytophthora species, phosphite is more 
effective on low-phosphate media, and that high levels of phosphate interfere with the 
uptake of phosphite (Fenn and Coffey 1984; Komorek et al. 1997). The species 
displaying a range of EC50 to phosphite will also be useful for further testing of the 
hypothesis that phosphite has a deleterious effect on the pathogen due to disruption 
of calcium signaling pathways (Stasikowksi 2012; Stasikowski et al. 2014). 
In contrast to the large number of studies on the effect of phosphite on mycelial growth 
(Table S1.1) here are fewer studies on its effect on sporangial production. These show 
that formation of sporangia and zoospores is inhibited by much lower levels of 
phosphite than mycelial growth in P. citrophthora, P. parasitica and P. capsici (Farih 
et al. 1981; Buchenauer and Dercks 1983; Veena et al. 2010). It will be of interest to 
determine whether the differential between EC50 for mycelial growth and for sporangial 
formation is the same for the Phytophthora species identified here as having a very 
low, or a very high EC50 for mycelium growth.  Similarly, it will be interesting to 
determine in which species phosphite induces an increase in chlamydospores as 
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observed by (McCarren 2006) in P. cinnamomi. Ultimately, of most interest and 
applicability is what phosphite does to mycelial growth, and the formation of asexual 
and sexual structures in planta. For example, lesions caused by P. cinnamomi in 
Eucalyptus marginata are contained by phosphite, but the pathogen can still produce 
sporangia and zoospores (Wilkinson et al. 2001b). It would be of interest if this also 
occurs in other Phytophthora species.  
A study of the host range of the new Phytophthora species was undertaken before 
investigating whether phosphite could control the pathogenic species, and whether the 
effect of phosphite in vitro was correlated with its effect in planta (Chapter 3). The most 
pathogenic species was P. niederhauserii which damaged shoots and roots of all 
species tested (E. marginata, B. grandis, B. littoralis, B. occidentalis, Lamberia inermis 
subsp. inermis, and Casuarina obesa), and killed the same species as P. cinnamomi 
(also a Clade 7 species) (Table 5.1). Phytophthora neiderhauserii is known to have a 
wide host range including horticultural species and gymnosperms and is an emerging 
problem in several countries (Abad et al. 2014). No other Phytophthora species 
matched the host range and pathogenicity of P. cinnamomi. Other new species that 
killed one or more hosts included P. elongata and P. multivora (Clade 2), P. boodjera 
and P. constricta (Clade 4), and P. moyootji and P. rosacearum (Clade 6). The host 
species affected by most Phytophthora species was E. marginata, a keystone species 
already know to be susceptible to P. cinnamomi (Shearer et al. 2006). 
  
 92 
Table 5.1 Properties of the Phytophthora species studied in this thesis. For each 
species data for the isolate most tolerant of phosphite in vitro, or the most pathogenic 













2 P. elongata 550 + + + + 
2 P. multivora 160 + + + - 
4 P. arenaria 250 - - + - 
4 P. boodjera 450 + + + - 
6 P. asparagi 30 - - + nt 
6 P. balyanboodja >900 - - + nt 
6 P. condilina >900 - + + nt 
6 P. fluvialis 260 - - + nt 
6 P. gibbosa >900 - - + + 
6 P. gregata 40 - - + nt 
6 P. inundata >900 - + + nt 
6 P. kwonganina 240 - - + nt 
6 P. lacustris 70 - - + nt 
6 P. littoralis >900 - - + nt 
6 P. moyootj 250 + + + nt 
6 P. ‘personii’ >900 - - + nt 
6 P. pseudorosacearum 300 - - + nt 
6 P. rosacearum 250 + + + - 
6 P. thermophila 450 - + + + 
6 P. ‘walnut’ >900 nt nt nt nt 
7 P. cinnamomi 260 + + + + 
7 P. niederhauserii 270 + + + + 
9 P. constricta 50 + - + - 
1 EC50 determined in liquid medium containing MES (Chapter 2) 
2+ : one or more hosts were killed in glasshouse soil inoculation experiments,(-) :no death (Chapters 3 
and 4). 
3+: root damage was 51% or higher in glasshouse soil inoculation experiment, (-):root damage was 
<51% (Chapter 3). 
4+ : Phytophthora was reisolated from roots of plants growing in inoculated soil in the glasshouse,(-) 
no reisolation  (Chapter 3). 
5+: root damage of inoculated plants in the glasshouse was prevented by a foliar spray of 0.5% 
phosphite, (-): root damage not prevented  by a foliar spray of 0.5% phosphite (Chapter 4). 
     nt: not tested in the glasshouse 
 
The majority of the soil-borne Phytophthora species tested here under glasshouse 
conditions, did not appear to be as aggressive, or widely pathogenic as might have 
been expected from the field observations (Fig. 3.4, Table 5.1). All the Phytophthora 
species (except P. asparagi) were able to infect most of the seven hosts species 
tested, although under well-watered glasshouse conditions the host response limited 
damage. It is possible that the pathogenicity of the new species has been 
underestimated in this thesis as the glasshouse conditions provided daily watering, 
and plants that showed root damage did not always die or have a reduction in shoot 
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growth. Further trials including periods of drought would be informative. Also, 
experiments are needed on more hosts, particularly on woody species from other 
families, on monocots such as sedges (for P. 'baylanboodja' that was isolated from 
areas with dead sedges), and Xanthorrhoea spp. Testing of some annuals and 
herbaceous perennials is also desirable to determine if the new species can infect 
these asymptomatically and be a source of inoculum as reported by (Crone et al. 
2013a) for P. cinnamomi. 
From the experiments on host range, E. marginata, B. littoralis, B. occidentalis, and L. 
inermis subsp. inermis were chosen to provide a suitable range of species for a trial 
of the management of the new Phytophthora species using phosphite. The 
Phytophthora species were chosen to provide some replication of the combinations 
used in the host range trial, and also a wide range of EC50 values to phosphite in vitro. 
This study confirmed that P. niederhauserii killed B. occidentalis, and L. inermis subsp. 
inermis, while P. elongata and P. boodjera killed E. marginata. Spraying plants with 
0.5% phosphite before soil inoculation prevented damage from P. cinnamomi and P. 
niederhauserii, a significant finding in view of the emerging importance of P. 
niederhauserii as a pathogen. Other Phytophthora species that killed or damaged 
hosts but in which damage was managed  by phosphite were P. elongata, P. 
thermophila, and P. gibbosa. However, it is of concern that in one or more host species 
the damage to roots caused by P. boodjera, P. arenaria, P. multivora, P. rosacearum, 
and P. constricta could not be prevented by phosphite spray and further experiments 
are needed on these species and whether higher levels of phosphite might be effective 
without causing phytotoxicity in the hosts. The observation that P. multivora was not 
managed by phosphite in the host species tested is in contrast to the observations of 
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Scott et al. (2013), where phosphite was shown to control P. multivora in E. 
gomphocephala when used as a trunk injection and at the rate of 15%.  Consequently, 
plants were likely to have a higher concentrations of phosphite than in the present 
study. Future studies should include more isolates of P. multivora and different host 
species. It would also be useful for future studies to include analysis of phosphite 
concentrations in the roots of the plant species being tested against the different 
Phytophthora species. 
Phosphite reduced but did not prevent root damage from any of the Phytophthora 
species in L. inermis subsp. inermis. This was noted previously for P. cinnamomi 
infection and appears to be due to leaf drop from phytotoxicity to phosphite reducing 
the in planta concentration of phosphite to ineffective levels (Shearer and Crane, 
2009). While clearly not an option for widespread use, for endangered populations, 
spraying plants several times with a lower concentration of phosphite 2-3 days apart, 
might allow for uptake and transport of the compound to the roots without the 
phosphite levels causing phytotoxicity in the leaves. Information is also required on 
the concentration of phosphite in roots of phosphite-treated Lamberia plants. 
There are three possible reasons for the lack of disease control by phosphite in certain 
pathogen-host combinations with E. marginata, B. littoralis and B. occidentalis. Firstly, 
it could be an experimental error due to the difficulty of extracting all the roots from the 
pots and removing soil before determining volume. However, this was done very 
carefully and the close match of mean root volumes with small standard errors of 
untreated and treated combinations where the pathogen had no effect is evidence for 
this accuracy. Another possible experimental error is that some plants were 
insufficiently sprayed with phosphite. If this were so, a high SE of mean values would 
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be expected for those replicates, but the SE of mean root volumes in combinations in 
which phosphite was ineffective are no larger than others. Secondly, it could be a 
property of the host species. This seems unlikely as each host species (with the 
possible exception of L. inermis) is able to take up and translocate phosphite, and to 
initiate defence reactions as evident from the protection phosphite gave against other 
Phytophthora species. Thirdly, it could be a property of the pathogen. This appears 
the most likely explanation, and is supported by the fact that P. constricta, P. boodjera 
or P. rosacearum were able to damage phosphite-sprayed plants of both E. marginata 
and B. littoralis while P. arenaria damaged sprayed plants of E. marginata and B. 
occidentalis. These host species when sprayed with phosphite were protected against 
several other Phytophthora species (including the very pathogenic P. cinnamomi and 
P. neiderhauserii) so the lack of protection appears likely to be the ability of the 
pathogen to overcome host defenses not the host failing to switch on defense 
mechanisms in response to posphite. 
A significant and important finding was the observation that there was no relationship 
between phosphite tolerance in vitro (as determined by EC50) and the response to 
phosphite in planta, as for example in this study P. gibbosa was highly tolerant in vitro 
but controlled by phosphite (Table 5.1). The study of the tolerance of Phytophthora in 
vitro is still of value as the tolerance mechanisms expressed in species with very high 
EC50 may indicate the sort of mechanisms that may evolve over time in other species 
exposed to long term phosphite application in natural or agricultural systems. 
Based on the results in this study, P. cinamomi, P. niederhauserii, P. elongata, and P. 
gibbosa can be controlled by phosphite, However, at least in the glasshouse, 
mycelium still grew from roots of phosphite-sprayed plants infected with these species 
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(Table 5.1) suggesting that phosphite reduced, but did not eliminate the inoculum 
potential of infected plants. This was shown to be the case for P. cinnamomi in E. 
marginata where lesions were contained by phosphite, and plants were not killed, but 
the pathogen could still produce sporangia and release zoospores from the contained 
lesions (Wilkinson et al. 2001b). Many Phytophthora species have been recovered 
from plant production nurseries (Hardy and Sivasithamparam 1988; Jung et al 2016; 
Park et al. 2014). Therefore, in production nurseries, it is important to avoid the 
practice of using of ‘fungicides’ including phosphite, since they can suppress disease 
symptoms without eradicating the pathogen. This could lead to nursery clients 
purchasing seemingly disease-free nursery stock, and transferring Phytophthora 
infected plants into the broader ecosystems (Hayden et al. 2013). Phytophthora can 
travel quite easily through the nursery supply chain and the risk of purchasing infected 
plants, predominantly those with asymptomatic infections, is high (Pérez-Sierra and 
Jung 2013). 
This study showed that reduction of shoot and root growth by P. boodjera, P. arenaria, 
P. constricta, P. rosacearum and P. multivora is not prevented  by phosphite 
application. A major concern is that these Phytophthora species could spread to native 
vegetation close to infested planting sites and have a damaging effect on the 
recruitment of susceptible plant species through pre- and post-emergent damping-off, 
as well as killing adult plants. Finally, plants can be moved to environmental planting 
sites, highlighting the potential risk that the plant trade poses to biosecurity. At this 
time, there is no quarantine of infestations of these new Phytophthora species within 
the SWWA, and the chances for pathogen spread associated with clearing, urban 
development and other anthropogenic pressures within areas surrounding infested 
locations is high. Until effective quarantine is enacted, these Phytophthora species are 
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likely to continue to be dispersed into natural vegetation, providing abundant 
opportunities to measure disease establishment under natural conditions. These 
results suggest that hygiene/quarantine is very important for these species because if 
they are localised (endemic only to a few areas), or alternatively if they are exotic and 
only present in a few areas there is the opportunity to prevent them being spread 
around.  
The fact that this study has shown that not all Phytophthora species are controlled by 
phosphite, makes it increasingly important to have up-to-date maps and an inventory 
of where they are present in the database record of Phytophthora species in WA 
available from the VHS (Vegetation Health Service), and into public maps such as 
DIDMS (Dieback Information Delivery and Management system) 
(https://didms.gaiaresources.com.au/grid/cookie_disclaimer/disclaimer/). This will 
ensure managers are aware of where these Phytophthora species are present, 
allowing them to put protocols in place to stop their spread.  
More research is needed to determine how to protect Lambertia inermis subsp. inermis 
from Phytophthora damage. Apart from testing repeated sprays with low 
concentrations of phosphite the addition of calcium ions to the soil, in the form of 
calcium sulphate, may augment the effect of foliar phosphite treatment as noted by 
Stasikowski et al. (2014) for Banksia leptophylla. 
Concluding remarks 
The most damaging of the new Phytophthora species tested here was P. 
neiderhauserii and it is fortunate that this species is controlled by phosphite. The host 
species affected by most of the new Phytophthora species was E. marginata and 
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protective measures in place to prevent P. cinnamomi invasion should also protect this 
species from the additional pathogenic Phytophthora species, except for those not 
controlled by phosphite (P. boodjera, P. arenaria, P. constricta, P. rosacearum and P. 
multivora) in E. marginata. The research also showed that P. constricta, P. multivora, 
P. elongata and P. boodjera were pathogenic to one or more hosts species. However, 
there is a large number of new Phytophthora species with unknown host ranges and 
responses to phosphite, in addition to the ones studied here. This research showed 
that testing Phytophthora species in vitro does not provide a short cut alternative to 
testing their sensitivity in planta in the glasshouse. Also, it is not possible to suggest 
concentrating investigations on only a few Clades, as apart from the expected 
pathogenicity of Clade 7 species, other species that were pathogenic and/or of 
concern due to their lack of response to phosphite were identified in Clades 2, 4, 6 
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Table S1.1 Reports of EC50 in vitro for phosphite for species of Phytophthora 





P1235  5, 10, 20, 50,200 µg/ml⁻ˡ 0.84 mM   RMSA solid 67.1 Coffey and Bower 1984 
P3083 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.29 Ouimette and Coffey 1989 
P1686 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.25 Ouimette and Coffey 1989 
P3074 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.28 Ouimette and Coffey 1989 
P770 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.3 Ouimette and Coffey 1989 
P. capsici 
PP014 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PP019 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PP021 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PP026 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PP027 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM  RMM liquid 48.6 Wong 2006 
P1091  5, 10, 20, 50,2 00 µg/ml 0.84 mM   RMSA solid 18.5 Coffey and Bower 1984 
P1314  5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 30.6 Coffey and Bower 1984 
P1319 5, 10, 20, 50, 200 µg/ml 0.84 mM  RMSA solid 34.7 Coffey and Bower 1984 
P1314 1mM 0.084 mM 0.03 M  RMSA solid 2.5 Fenn and Coffey 1984 
P1091 1mM 0.084 mM 0.03 M  RMSA solid 5.4 Fenn and Coffey 1984 
97-53 
100, 200, 300, 400, 500, 600, 700, 
800, 900, 1000 µg/ml  
 + 
Carrot agar  
solid 
89.3 Veena et al. 2010 
96-5 
100, 200, 300, 400, 500, 600, 700, 
800, 900, 1000 µg/ml  
  + 
Carrot agar  
solid 
603 Veena et al. 2010 
P890 109, 138, 110, 82, 66 µeq/ml     CMA solid 0.17 Ouimette and Coffey 1989 
P891 109, 138, 110, 82, 66 µeq/ml     CMA solid 0.23 Ouimette and Coffey 1989 
P1590 109, 138, 110, 82, 66 µeq/ml     CMA solid 0.15 Ouimette and Coffey 1989 
375 1.53 - 24.39 mM 0.05 mM   RMSA solid 6.4 Darakis et al. 1997 
 375 1.53 - 24.39 mM 0.5 mM   RMSA solid 7.4 Darakis et al. 1997 
P . cinnamomi  
MP9448 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM  RMM liquid <5.0 Wong 2006 
MP9418 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM  RMM liquid <5.0 Wong 2006 
MP9411 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM  RMM liquid <5.0 Wong 2006 
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MP62 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
MU33 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 10.2 Wong 2006 
MP94-03 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid >160 King 2007 
MP62 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid 155.9 King 2007 
MP32 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid 55.6 King 2007 
MP97 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid 42.6 King 2007 
MP80 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid 39.5 King, 2007 
MP125 0, 5, 20, 40, 60, 80, 160 µg/ml 10 mM   RMM liquid 37.7 King, 2007 
 Pc97 5,10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 9 Coffey and Bower 1984 
 Pc402  5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 11.9 Coffey and Bower 1984 
 Pc356  5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 9.9 Coffey and Bower 1984 
 Pc356 1mM 0.084 mM 0.03 M RMSA solid 4.2 Fenn and Coffey 1984 
 
Pc356 0.1, 0.5, 1, 2.5, 5 µg/ml 0.84 mM   RMSA solid 1.27 Coffey and Joseph 1985  
Pc407 0.1, 0.5, 1, 2.5, 5 µg/ml 0.84 mM   RMSA solid 1.02 Coffey and Joseph 1985  
MP128 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 37 Wilkinson, 2001a 
MP94-03 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 4 Wilkinson 2001a 
MP62 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 6 Wilkinson 2001a 
MP32 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 25 Wilkinson 2001a 
MP97 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 37 Wilkinson 2001a 
MP80 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 5 Wilkinson 2001a 
MP125 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 48 Wilkinson 2001a 
A2394 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 5 Wilkinson 2001a 
A15 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 148 Wilkinson 2001a 
MP94-17 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM   RMM solid 9 Wilkinson 2001a 
MP94-37 0, 5, 20, 40, 50, 60, 80, 160 µg/ml 7.35 mM  RMM solid 14 Wilkinson 2001a 
MP94-15 0, 10, 40, 100 µg/ml   RMM solid na McCarren 2006 
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MP127 0, 10, 40, 100 µg/ml   RMM solid na McCarren 2006 
MP128 0, 10, 40, 100 µg/ml     RMM solid na McCarren 2006 
MP103 0, 10, 40, 100 µg/ml     RMM solid na McCarren 2006 
P411 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.05 Ouimette and Coffey 1989 
P428 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.08 Ouimette and Coffey 1989 
P440 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.02 Ouimette and Coffey 1989 
P444 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.05 Ouimette and Coffey 1989 
P. citricola 
 
MP1 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 27.3 Wong 2006  
MP2 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 27 Wong 2006 
MP3 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
MP4 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
MP41 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
P1273 47 µg/ml 0.084 mM 0.03 M RMSA liquid 0.82 Fenn and Coffey 1984 
P1287 5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 6.8 Coffey and Bower 1984 
P1273 5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 7 Coffey and Bower 1984 
P1273 0.1, 0.5, 1, 2.5, 5 µg/ml 0.084 mM   RMSA solid 1.3 Coffey and Joseph 1985  
P1315 0.1, 0.5, 1, 2.5, 5 µg/ml 0.084 mM   RMSA solid 1.3 Coffey and Joseph 1985  
P1277 0.1, 0.5, 1, 2.5, 5 µg/ml 0.084 mM   RMSA solid 1.7 Coffey and Joseph 1985  
P1315 109, 138, 110, 82, 66 µeq/ml   +  CMA solid 0.03 Ouimette and Coffey 1989 
P1356 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.02 Ouimette and Coffey 1989 
P. citrophthora 
M143  5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 5.2 Coffey and Bower 1984 
P1163  5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 10.4 Coffey and Bower 1984 
P1163 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.08 Ouimette and Coffey 1989 
P1324 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.11 Ouimette and Coffey 1989 
P3077 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.08 Ouimette and Coffey 1989 
P1200 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.09 Ouimette and Coffey 1989 
P. cryptogea P3147 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.34 Ouimette and Coffey 1989 
P. boehmeriae P1257 5, 10, 20, 50,200 µg/ml 0.84 mM   RMSA solid 40.6 Coffey and Bower 1984 
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P1300 5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 224.4 Coffey and Bower 1984 
1300 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 139 Bashan et al. 990 
1308 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 4 Bashan et al. 1990 
1306 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 4 Bashan et al. 1990 
1297 10, 20, 50, 100, 200, 400 µg/ml 0. 2 mM   RMSA solid 11 Bashan et al. 1990 
RH 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 15 Bashan et al. 1990 
1296 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 92 Bashan et al. 1990 
1363 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 102 Bashan et al. 1990 
1295 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 114 Bashan et al. 1990 
1364 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 211 Bashan et al. 1990 
1305 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 238 Bashan et al. 1990 
1362 10, 20, 50, 100, 200, 400 µg/ml 0.2 mM   RMSA solid 281 Bashan et al. 1990 
P. megasperma 
P509 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.09 Ouimette and Coffey 1989 
P1724 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.09 Ouimette and Coffey 1989 
P3153 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.25 Ouimette and Coffey 1989 
P1331 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.25 Ouimette and Coffey 1989 
P3160 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.33 Ouimette and Coffey 1989 
P3161 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.75 Ouimette and Coffey 1989 
P405 5,10, 20, 50, 200 µg/ml 0.84 mM  RMSA solid  Coffey and Bower 1984 
P1253 5,10, 20, 50, 200 µg/ml 0.84 mM  RMSA solid 91.2 Coffey and Bower 1984 
P1316 5,10, 20, 50, 200 µg/ml 0.84 mM  RMSA solid 88.9 Coffey and Bower 1984 
P. nicotianae 
MP5 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
MP9 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
MU7 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
MP95014 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
MU317 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 13 Wong 2006 
P. palmivora 
 
9411 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PM007 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006 
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 PM012 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid <5.0 Wong 2006  
PM006 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 16.6 Wong 2006 
MU128 0, 5, 10, 25, 50, 100 µg/ml 0.1 mM   RMM liquid 24.4 Wong 2006 
P113 1mM    0 - 3 mM   RMM liquid na Griffith et al. 1993 
P376 1mM   0 - 3 mM   RMM liquid na Griffith et al. 1993 
p7228 1mM   0 - 3 mM   RMM liquid na Griffith et al. 1993 
PO376 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  6.6 Dolan and Coffey 1988 
18 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  36.6 Dolan and Coffey 1988 
X3 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  39.2 Dolan and Coffey 1988 
N3 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  83.6 Dolan and Coffey 1988 
L3 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  117.7 Dolan and Coffey 1988 
V1 0, 30, 50, 100, 200 µg/ml   0.03 M CMA solid  130.3 Dolan and Coffey 1988 
P436 109, 138, 110, 82, 66 µeq/ml  + CMA solid 0.05 Ouimette and Coffey 1989 
P881 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.11 Ouimette and Coffey 1989 
P376  109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.09 Ouimette and Coffey 1989 
P1399 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.94 Ouimette and Coffey 1989 
P. parasitica 
 
P991 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.55 Ouimette and Coffey 1989 
P1352 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.33 Ouimette and Coffey 1989 
P1962 109, 138, 110, 82, 66 µeq/ml   + CMA solid 0.09 Ouimette and Coffey 1989 
M134 5, 10, 20, 50, 200 µg/ml 0.84 mM   RMSA solid 30.9 Coffey and Bower 1984 
1. + indicates MES was added to the medium but the concentration is not stated 
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Table S2.1 A comparison of P. cinnamomi isolates tolerance to phosphite when EC50 is 
determined from growth in solid medium with 7.35 mM phosphate (data from Wilkinson 
et al. 2001a) and in liquid medium (King 2007) with 10 mM phosphate  
Isolate EC50 (solid) EC50 (liquid) 
MP 32 25 55.6 
MP 97 37 42.6 
MP 80 5 39.5 
MP 125 48 37.7 
 
Table S2.2 EC50 values for three Phytophthora species grown on liquid Ribeiro’s 





0 MES 0.03 M MES 
P. multivora TP13.04 5 130 
P. multivora CBS124094  5 160 
P. kwonganina DDS3599 15 70 
P. kwonganina CBS 143060  15 240 




Table S3.1 Phytophthora species used in this study, together with previous information in the literature for each species on host range 
recorded in the glasshouse and the field. Provisional species names are indicated by quotation marks 




Eucalyptus drummondii, E. polycephala, Banksia menziesii, B. 
littoralis, B. attenuata, Hibbertia hypericoides, Banksia 
sphaerocarpa, B. hookeriana 13 
E. oleosa 7. Banksia attenuata 13 
P. asparagi15 
 
Banksia media, Asparagus officinalis 9 Banksia media, 
Lomandra sonderi 15, Asparagus albus 14 ,15 
Juniperus phoenicea, Pistacia lentiscus 16 , asparagus15 
P. baylanboodja Sedge 9  
P. boodjera17 
 
Agonis flexuosa, Eucalyptus marginata, Banksia media, 
Eucalyptus sp.19 
Eucalyptus kochii subsp. plenissima, E. kochii subsp. borealis, 
E. loxophleba subsp. lissophloia, E. polybractea 20 
P. constricta13 
 
Isolated from Kwongan heathland, Pinus radiata, Banksia 
falcata, B. attenuata, Banksia cirsioides 13 
Banksia attenuata 13 
P. elongata12 
 
E. marginata, Corymbia calophylla, Banksia grandis, 
Leucopogon propinqua, Dryandra squarrosa, Xanthorrhoea 
preissii, X. gracilis and Patersonia xanthine 12 
E. marginata, B. attenuata 12 
 
  
P. fluvialis10  native vegetation, stream baiting 10   
P. gibbosa9 
 
Acacia pycnantha. Xanthorrhoea gracilis, Grevillea sp., Acacia 




Banksia prionotes, Pinus radiata, Eucalyptus sp., Xanthorrhoea 
preissii, Patersonia sp., Hakea sp.9.  Alnus glutinosa22  
 
P. inundata4 Olea sp., Xanthorrhoea preissii, Banksia attenuata, Aesculus 
hippocastanum 9, Rubus anglocandicans 2, Banksia littoralis, 
Adenanthos cuneata6, Xanthorrhoea preissii 9,6, 21, Casuarina 
obesa 3, Alnus glutinosa 22, Aesculus hippocastanum, Salix 
matsudana, Olea, Vitis, Chrysanthemum, Capsicum4 




Salix matsundana, Alder roots, Prunus roots, peach tree 11.  
Alnus glutinosa 22. 
Alnus glutinosa, Prunus persica 11 
P. litoralis9 
 
Banksia sp., Xanthorrhoea preissii 9,6.  Rubus anglocandicans2, 




native vegetation5  
P. multivora17 
 
Eucalyptus marginata, E. gomphocephala, Agonis flexuosa3,17, 
Banksia menziesii, B. grandis, B. littoralis 17, B. prionotes, 
Conospermum sp., Leyucopogon verticillatus, Xanthorrhoea 
gracilis, Podocarpus drouyniana, Patersonia sp., Bossiae sp., 
B. speciosa, E. erythrocorys 7. 
E. gomphocephala, E. marginata 18.  Rubus anglocandicans2. 
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Phytophthora species  Host species 
Field Glasshouse 
Gastrolobium spinosum, Pinus radiata,6 Rubus anglocandicans2  
, Allocasuarina sp., Brachychiton populneus x acerifolia , 
Calothamnus sp. , Corymbia calophylla, Corymbia citriodora, 
Eucalyptus robusta, Eucalyptus rudis, Ficus macrophylla, 
Xanthorrhoea preissii 3   
P. niederhauserii1 
 
Banksia prionotes6    Banksia speciosa., B. baxteri R. Br., Callistemon citrinus, Cistus 
salvifolius, Chamaecyparis lawsoniana, Abies nordmanniana, 
Kalanchoe blossfeldiana,, Sinninga speciosa, Hedera helix, 
Thuja occidentalis, Juniperus sp.  Metrosideros villosa, 
Callistemon citrinus, Acacia dealbata, Pistacia lentiscus, and 
other species 1 
P. condilina Casuarina obesa3  
P. 'personii' 
 
Nicotiana tobacum, Grevillea mccutcheonii 9,6, Rubus 
anglocandicans2 
Rubus anglocandicans2 
P. kwonganina Hibbertia sp., Banksia prionotes 9  
P. pseudorosacearum Persoonia longifolia, Xanthorrhoea platyphylla 9  
P. rosacearum8 Rosaceous fruit trees, including apple and cherry8 Banksia 
repens (formerly Dryandra repens)   
 
P. thermophila9 Eucalyptus marginata, Banksia grandis, Native forest9, Rubus 
anglocandicans 2 
Rubus anglocandicans2 
1Abad ZG et al. 2014.  2Aghighi et al. 2016.  3Barber et al. 2013.  4Brasier et al. 2003b.  5Burgess and Stukely 2014.  6Burgess et al. 2009.  7Davison et al. 
2014.  8Hansen et al. 2009.  9Jung et al. 2011a.  10Jung et al. 2011b.  11Nechwatal et al. 2013.  12Rea et al. 2010.  13Rea et al. 2011.  14Safaiefarahani et al. 
2013.   15Saude et al. 2008.  16Scanu et al. 2015.  17Scott et al. 2009.  18Scott et al. 2012.  19Simamora et al. 2015.  20Simamora et al. 2017.  21 Stukely et al. 




Table S3.2 Shoot growth expressed as the % growth increment 6 weeks after inoculation, in Phytophthora-inoculated and non-
inoculated control. Mean percentage growth increment and SE for each Phytophthora isolate on each host species is shown. Data 
from the two trials were combined for P. cinnamomi (MP94-48), P. niederhauserii (PAB13-19), and P. multivora (WAC13201). There were 
five replicates for each treatment for each host pathogen combination, and 10 for those where data from two trials were combined. 















Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Control  53.24 1.84 25.38 2.26 39.05 1.30 33.96 2.10 46.80 1.89 48.40 2.82 
P. elongata TP13-32 39.40 3.64 24.04 2.44 41.52 5.00 39.96 2.89 48.61 3.52 44.47 4.03 
P. elongata TP13-36 39.77 3.22 21.06 3.41 39.99 5.15 38.13 2.09 48.12 1.21 44.63 8.67 
P. multivora  TP13-04 49.84 6.48 25.70 2.44 41.70 7.30 39.82 3.58 43.42 8.15 48.50 3.78 
P. multivora CBS124094 47.63 2.68 24.59 2.98 27.84 2.78 30.05 2.30 41.51 3.39 38.99 2.01 
P. arenaria  CBS125800 42.59 5.34 18.34 3.61 25.98 3.65 28.13 3.26 38.14 1.55 38.00 4.82 
P. arenaria  CBS127950 32.38 2.47 19.12 4.24 21.85 2.77 21.48 3.03 30.04 3.74 41.68 3.37 
P. boodjera CBS138637 12.42 2.07 11.56 2.07 25.65 2.40 12.23 3.72 29.98 3.79 37.39 2.33 
P. boodjera VHSC27382 32.61 4.22 28.31 2.86 37.62 3.75 27.75 7.56 47.19 2.59 47.55 2.87 
P. baylanboodja CBS143058 40.49 2.30 10.92 4.06 31.62 2.05 14.40 4.78 38.45 4.04 36.69 3.57 
P. baylanboodja VHS25675R3 39.18 5.12 17.91 4.95 23.07 2.44 14.83 5.03 35.58 5.51 41.71 1.26 
P. condilina CBS143059 39.48 5.60 20.09 2.83 25.86 3.68 16.04 3.74 37.70 2.88 39.70 2.58 
P. condilina PAB11.04 38.88 6.23 25.11 3.58 34.22 3.80 16.55 3.48 43.58 3.82 39.65 3.49 
P. kwonganina DDS3599 40.18 3.81 19.84 5.31 24.38 3.95 25.68 4.74 40.55 3.74 44.66 2.21 
P. kwonganina CBS143060 45.87 6.07 20.75 1.53 28.64 3.52 32.44 4.36 46.50 5.23 47.29 2.22 
P. 'personii' SA278 36.10 4.06 22.23 2.57 22.82 3.58 22.89 3.22 42.26 4.51 41.18 2.27 
P. 'personii' 
SLPA133; 
MUCC772 22.28 4.32 8.35 3.33 37.21 6.83 17.22 3.56 37.45 5.76 34.83 2.48 
P. pseudorosacearum CBS143061 25.01 5.80 20.94 3.84 21.41 4.07 22.56 2.80 35.69 4.63 40.86 3.48 
P. pseudorosacearum HSA2530 35.52 3.92 17.38 4.62 22.62 5.10 9.42 3.01 35.43 3.35 37.37 8.01 
P. pseudorosacearum VHS24266 34.78 1.75 15.03 2.87 35.33 4.80 29.80 9.56 35.55 2.94 33.15 4.56 
















Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
P. fluvialis  CBS129424 41.44 3.56 18.43 5.92 28.60 7.78 17.66 6.01 39.21 0.34 44.90 4.09 
P. fluvialis  DH213 40.38 3.62 23.02 2.56 28.13 5.75 24.07 5.59 35.39 1.37 41.33 2.18 
P. gibbosa  VHS22007 32.54 3.76 20.63 4.94 21.88 4.34 23.67 2.87 36.66 3.14 46.07 3.60 
P. gibbosa  CBS127951 31.56 5.01 16.89 3.21 23.22 4.01 10.84 2.24 33.77 0.92 40.28 2.44 
P. gregata  CBS127952 43.61 3.24 16.42 5.05 24.40 2.06 12.42 3.13 32.07 2.61 38.33 2.55 
P. gregata  VHS21992 43.75 2.80 16.91 0.48 35.31 0.95 25.91 3.75 40.48 1.99 39.26 3.46 
P. inundata  VHS15512 36.91 6.38 23.06 3.39 25.31 1.80 7.68 3.85 34.93 5.81 34.13 5.08 
P. lacustris HSA1959 37.07 5.29 15.05 0.78 30.08 2.88 25.46 2.26 35.44 4.00 44.05 7.59 
P. litoralis  CBS127953 36.79 6.11 19.46 3.29 26.61 5.03 24.61 5.30 37.06 4.19 40.19 5.24 
P. litoralis  VHS17085 31.14 3.81 9.34 1.47 28.07 2.34 14.11 4.78 40.14 1.49 39.33 2.33 
P. moyootj VHS16108 38.00 4.93 13.99 1.21 22.98 3.85 19.32 6.12 42.20 5.60 34.00 2.58 
P. moyootj CBS138759 41.24 6.71 18.55 3.25 40.46 4.53 28.30 5.26 39.78 4.93 48.81 4.18 
P. rosacearum  HSA1658 28.50 5.22 14.95 6.09 12.19 1.02 25.90 6.28 32.17 3.19 35.35 6.20 
P. rosacearum  HSA1650 35.39 2.69 7.34 4.69 34.17 5.34 21.62 3.93 43.55 5.28 38.75 3.69 
P. rosacearum  VHS25476 38.56 1.82 19.22 5.08 33.96 3.15 19.11 2.06 41.65 0.75 34.93 3.20 
P. thermophila  PN42.13 35.26 4.54 16.14 3.01 33.14 4.13 28.30 4.94 41.90 1.97 34.26 3.67 
P. thermophila  CBS127954 36.67 5.65 15.73 2.28 20.52 4.06 18.55 4.99 32.48 4.50 37.09 4.50 
P. cinnamomi  MP94-48 32.23 7.52 19.59 3.61 14.58 0.93 17.82 1.69 24.75 1.13 22.10 3.10 
P. niederhauserii PAB13-29 36.33 3.64 24.59 3.18 20.78 2.90 20.07 3.15 25.45 3.93 36.91 4.43 
P. constricta CLJO695 51.10 3.47 28.48 1.74 40.08 3.19 32.70 2.40 49.87 3.92 49.53 3.81 





Table S3.3 Mean root damage score and SE of seven plants species inoculated with different Phytophthora species and isolates. Whole 
root systems were visually rated for root rot on a scale 1 to 4 (1= no damage, 4= severe root damage). There were five replicates for 
each host pathogen combination, and 10 where data from the two trials were combined. Provisional species names are indicated by 
quotation marks. 














  Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Control  1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 1.00 
P. elongata TP13-32 3.20 0.49 2.00 0.00 1.00 0.00 1.20 0.20 1.20 0.20 1.00 0.00 1.00 1.00 
P. elongata TP13-36 3.00 0.63 2.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.20 1.20 
P. multivora  TP13-04 2.20 0.45 1.40 0.24 1.20 0.20 1.80 0.24 2.00 0.20 2.00 0.58 1.20 1.20 
P. multivora CBS124094 3.20 0.37 1.20 0.20 1.20 0.20 2.00 0.00 1.80 0.20 1.00 0.00 1.20 1.20 
P. arenaria  CBS125800 2.00 0.00 1.80 0.20 1.80 0.24 1.60 0.24 1.80 0.20 1.00 0.00 1.00 1.00 
P. arenaria  CBS127950 2.20 0.20 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 1.00 0.00 1.00 1.00 
P. boodjera CBS138637 4.00 0.00 1.00 0.00 2.00 0.00 1.60 0.24 1.40 0.24 1.00 0.00 1.00 1.00 
P. boodjera VHSC27382 3.20 0.49 1.00 0.00 1.00 0.00 1.00 0.00 1.60 0.00 1.00 0.00 1.00 1.00 
P. baylanboodja CBS143058 2.00 0.00 1.00 0.00 2.20 0.20 2.40 0.24 2.40 0.24 1.00 0.00 2.00 2.00 
P. baylanboodja VHS25675R3 2.00 0.32 1.00 0.00 1.20 0.20 2.00 0.00 2.00 0.00 1.00 0.00 1.00 1.00 
P. condilina CBS143059 3.20 0.37 1.40 0.24 2.00 0.00 3.00 0.32 3.20 0.20 1.00 0.00 1.80 1.80 
P. condilina PAB11.04 1.80 0.20 1.40 0.24 2.00 0.00 2.00 0.00 2.20 0.20 1.00 0.00 1.80 1.80 
P. kwonganina DDS3599 2.00 0.00 1.20 0.20 1.20 0.20 1.80 0.20 1.40 0.24 1.00 0.00 1.00 1.00 
P. kwonganina CBS143060 2.20 0.20 1.20 0.20 1.20 0.20 2.00 0.00 1.40 0.24 1.00 0.00 1.00 1.00 
P. 'personii' SA278 2.00 0.00 1.20 0.20 1.20 0.20 1.40 0.24 1.80 0.20 1.00 0.00 1.00 1.00 
P. 'personii' SLPA133; 
MUCC772 1.80 0.24 1.20 0.20 1.20 0.20 1.40 0.24 2.00 0.00 1.00 0.00 1.00 1.00 
P. pseudorosacearum CBS143061 2.80 0.58 1.20 0.20 1.00 0.00 1.20 0.20 2.00 0.00 1.00 0.00 1.00 1.00 
P. pseudorosacearum HSA2530 2.20 0.20 2.20 0.20 1.00 0.00 2.00 0.00 1.20 0.20 1.00 0.00 1.00 1.00 
P. pseudorosacearum VHS24266 1.00 0.00 2.00 0.00 1.20 0.20 1.60 0.24 2.00 0.00 1.00 0.00 1.00 1.00 
P. asparagi  VHS17175 1.20 0.20 1.00 0.00 1.20 0.20 1.00 0.00 1.60 0.24 1.00 0.00 1.00 1.00 
P. fluvialis  CBS129424 1.40 0.24 1.00 0.00 2.00 0.00 2.00 0.00 2.60 0.24 1.00 0.00 1.00 1.00 
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  Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
P. fluvialis  DH213 2.40 0.40 1.20 0.20 2.00 0.00 2.00 0.00 1.60 0.24 1.00 0.00 1.80 1.80 
P. gibbosa  VHS22007 2.00 0.00 2.00 0.00 1.80 0.20 1.60 0.24 2.00 0.00 1.00 0.00 1.00 1.00 
P. gibbosa  CBS127951 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.00 2.00 0.32 1.00 0.00 1.00 1.00 
P. gregata  CBS127952 1.20 0.20 1.00 0.00 1.20 0.20 1.00 0.00 2.40 0.24 1.00 0.00 1.20 1.20 
P. gregata  VHS21992 2.60 0.40 1.20 0.20 2.00 0.00 1.20 0.20 2.20 0.20 1.00 0.00 1.00 1.00 
P. inundata  VHS15512 3.40 0.40 2.20 0.20 1.00 0.00 1.80 0.37 1.60 0.24 1.00 0.00 1.00 1.00 
P. lacustris HSA1959 1.40 0.24 1.00 0.00 2.00 0.00 1.40 0.00 2.00 0.00 1.00 0.00 1.00 1.00 
P. litoralis  CBS127953 2.00 0.00 1.80 0.24 1.00 0.00 1.40 0.24 2.20 0.20 1.00 0.00 1.00 1.00 
P. litoralis  VHS17085 2.00 0.32 2.00 0.20 1.20 0.20 2.40 0.00 2.20 0.37 1.00 0.00 1.00 1.00 
P. moyootj VHS16108 2.20 0.20 1.00 0.00 1.40 0.24 3.40 0.40 2.00 0.45 1.00 0.00 1.00 1.00 
P. moyootj CBS138759 2.80 0.49 1.00 0.00 1.40 0.24 2.00 0.00 2.20 0.20 1.00 0.00 1.00 1.00 
P. rosacearum  HSA1658 3.20 0.20 1.80 0.37 1.20 0.20 1.60 0.24 2.00 0.00 1.00 0.00 1.00 1.00 
P. rosacearum  HSA1650 2.00 0.00 1.40 0.24 1.40 0.24 1.40 0.24 2.20 0.20 1.00 0.00 1.00 1.00 
P. rosacearum  VHS25476 2.80 0.49 2.00 0.00 2.00 0.00 2.00 0.00 2.20 0.20 1.00 0.00 1.00 1.00 
P. thermophila  PN42.13 2.80 0.49 2.00 0.00 2.00 0.00 2.40 0.24 2.00 0.00 1.00 0.00 1.00 1.00 
P. thermophila  CBS127954 2.80 0.49 1.40 0.24 2.00 0.00 1.80 0.20 3.00 0.45 1.00 0.00 1.00 1.00 
P. cinnamomi  MP94-48 2.40 0.51 1.00 0.00 3.60 0.40 2.00 0.32 2.60 0.51 4.00 0.00 3.40 3.40 
P. niederhauserii PAB13-29 2.00 0.45 1.00 0.00 3.60 0.40 2.40 0.40 4.00 0.00 3.00 0.63 2.00 2.00 
P. constricta CLJO695 1.80 0.45 1.20 0.20 1.20 0.20 1.20 0.20 1.00 0.00 1.00 0.00 1.00 1.00 








Fig. S4.1 The effect of phosphite applied as a foliar application on mean (± SE) shoot dry weight of four host species four months after 
treatment (grey) or not treated (white) with 0.5% phosphite and inoculated with 10 Phytophthora species. Values are the mean of 5 
replicate plants except where some plants died, the numbers of which are shown at the base of the relevant columns.  (*) indicates a 
significant (P≤ 0.05) difference between plants not treated with phosphite, not inoculated or inoculated with Phytophthora , (#) indicates 




Fig. S4.2 The effect of phosphite applied as a foliar application on mean (± SE) root volumes (ml) of four host species four months after 
treatment (grey) or not treated (white) with 0.5% phosphite and inoculated with 10 Phytophthora species. Values are the mean of 5 
replicate plants except where some plants died, the numbers of which are shown at the base of the relevant columns.  (*) indicates a 
significant (P≤ 0.05) difference between plants not treated with phosphite,  not inoculated or inoculated with Phytophthora,, (#) 




Table S4.1  Shoot growth as a percentage increase between the time of inoculation and harvest and root disease damage scores of 
four host species following soil infestation with 10 Phytophthora species. Column T indicates (-) no treatment, (+) plants sprayed with 
0.5% phosphite (*) indicates a significant (P≤ 0.05) difference between unsprayed non-infected plants and unsprayed infected plants. 
(#) indicates a significant (P≤ 0.05) difference between phosphite treated non-infected plants and phosphite treated infected plants. 





















Score   
Control  - 58.78 (±4.1) 1.0 (±0.0) 50.96 (±2.5) 1.0 (±0.0) 41.33(±1.9) 1.0 (±0.0) 51.64 (±3.6) 1.0 (±0.0) 
  + 52.02 (±1.8) 1.0 (±0.0) 49.77 (±3.9) 1.0 (±0.0) 37.26(±6.4) 1.0 (±0.0) 50.81 (±3.2) 1.0 (±0.0) 
P. constricta  - *41.47 (±8.1) *2.0 (±0.0) 48.62 (±4.2) *1.8 (±0.6) 28.34(±2.4) 1.0 (±0.0) 46.34 (±2.1) 1.0 (±0.0) 
  + 45.34 (±6.2) 1.2 (±0.2) 47.06 (±4.5) 1.2 (±0.2) 41.22(±4.4) 1.0 (±0.0) 48.27 (±3.9) 1.0 (±0.0) 
P. cinnamomi   - 47.14 (±6.0) *2.3(±0.6) 17.24  4.0  *27.34(±4.1) *2.0(±0.0) *28.04(±6.1) *4.0(±0.0) 
  + 45.32 (±5.3) #2.0(±0.0) 50.99 (±3.1) 1.0 (±0.0) 31.35(±2.1) 1.4 (±0.2) 48.33 (±2.7) #3.2 (±0.4) 
P. niederhauserii  - 48.69 (±2.9) *2.0(±0.0) All died All died 37.32(±4.9) *1.8(±0.2) *26.55(±5.2) *4.0(±0.0) 
  + 55.49 (±2.5) #2.0 (±0.2) 48.60 (±4.5) 1.0 (±0.0) 40.11(±4.0) 1.4 (±0.2) 47.95 (±3.7) #2.0(±0.5) 
P. boodjera  - *40.07 (±9.4) *4.0 (±0.0) 50.94 (±2.1) *2.0(±0.0) 41.56(±3.4) *2.5(±0.4) *41.49(±2.9) 1.2 (±0.2) 
  + #41.75 (±7.9) #3.0(±0.6) 40.65 (±3.8) #2.0(±0.0) 31.49(±9.3) #2.0(±0.0) 48.61 (±2.1) 1.2 (±0.2) 
P. arenaria   - 47.70 (±5.5) *1.8(±0.2) 40.74 (±2.2) *2.0 (±0.0) 40.25(±2.6) 1.0 (±0.0) 50.08 (±2.0) 1.2 (±0.2) 
  + 45.70 (±3.9) 1.2 (±0.2) 48.29 (±8.1) *1.6(±0.2) 36.82(±2.9) 1.0 (±0.0) 46.38 (±2.4) 1.2 (±0.2) 
P. elongata  - 59.08 (±3.9) *2.4(±0.2) 50.44 (±5.1) 1.2 (±0.2) 33.70(±2.8) *1.8(±0.2) 49.14 (±2.9) 1.0 (±0.0) 
  + 40.27 (±9.9) 1.4 (±0.2) 48.37 (±5.7) 1.2 (±0.2) 40.45(±3.9) #1.6(±0.2) *40.19(±4.4) 1.0 (±0.0) 
P. multivora   - 57.68 (±2.9) *2.3(±0.6) 48.47 (±4.3) *2.0(±0.0) 39.32(±6.2) *2.0(±0.0) 45.38 (±2.4) *2.4 (±0.4) 
  + 52.75 (±1.7) #1.6(±0.2) 41.62 (±1.8) #2.0(±0.0) 29.83(±7.4) #2.0(±0.0) 49.71 (±4.5) #2.0(±0.0) 
P. thermophila   - *41.60 (±3.1) *2.0(±0.0) 38.91 (±3.1) *1.6 (±0.2) *23.74(±2.7) *2.0(±0.0) 45.58 (±3.3) 1.0 (±0.0) 
  + 45.49 (±4.0) #2.0(±0.0) 48.51 (±4.7) 1.4 (±0.2) 33.14(±2.6) #2.0(±0.0) 44.56 (±4.1) 1.0 (±0.0) 
P. gibbosa   - 55.29 (±2.7) *1.8(±0.2) 50.25 (±4.4) *2.0(±0.0) 36.57(±6.0) *1.8(±0.2) 50.94 (±2.5) 1.0 (±0.0) 
  + 53.68 (±4.7) #1.6(±0.2) 43.47 (±5.5) #1.8(±0.2) 41.12(±4.9) #1.8(±0.2) 47.57 (±3.6) 1.0 (±0.0) 
P. rosacearum A  - 58.06 (±2.4) *1.8(±0.2) 43.50 (±2.1) 1.4 (±0.2) 38.99(±8.0) 1.4 (±0.2) 48.70 (±5.5) 1.2 (±0.2) 
  + 56.19 (±3.6) 1.4 (±0.2) 44.79 (±2.6) 1.4 (±0.2) 41.44(±3.8) 1.2 (±0.2) 50.57 (±2.6) 1.2 (±0.2) 
P. rosacearum B  - 49.68 (±2.3) *1.8(±0.2) 43.12 (±9.3) 1.2 (±0.2) 31.75(±4.5) 1.2 (±0.2) 42.86 (±4.7) 1.0 (±0.0) 
  + 53.07 (±3.4) 1.0 (±0.2) 43.71 (±3.6) 1.2 (±0.2) 36.68(±5.1) 1.2 (±0.2) 43.55 (±3.5) 1.0 (±0.0) 
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Table S4.2. Output from the Repeated Measures Analysis of Variance on data for lengths of lesions above and below the inoculation 
point of Eucalyptus marginata and Banksia occidentalis stem inoculated with Phytophthora cinnamomi or P. neiderhauserii. 
 
Effect 














12089 1 12089 38.33 P < 0.001 
Host Species 
 
4172 1 4173 13.23 P < 0.001 
Phytophthora 
 
7 1 7 0.023 0.880 
Treatment 
 
12678 1 12678 40.20 P < 0.001 
Error 
 
14824 47 315   
Lesion 
 
1112  1112 52.49 P < 0.001 
Lesion *Species 
 
97 1 97 4.56 0.04 
Lesion *Phytophthora 
 
120 1 20 0.94 0.337 
Lesion *Treatment 
 
1154 1 1154 54.47 P < 0.001 
Error 
 







































1 10267 10268 46.53 P < 0.001 2934 2934 25.30 P < 0.001 
Host Species 
 
1 2770 2770 12.55 P < 0.001 1500 1500 12.93 P < 0.001 
Phytophthora 
 
1 1 2 0.01 0.933 26 26 0.22 0.64 
Treatment 
 
1 10741 10742 48.68 P < 0.001 3091 3091 26.66 P < 0.001 
Error 
 
47 10370 221   5450 116   
Total 
 
50 24093    10153    
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